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12 ABSTRACT
13 Due to the paucity of exposure, the formation and evolution of the Precambrian 
14 basement of the Lhasa terrane remain poorly known. Here we report zircon and 
15 titanite in situ U–Pb ages, bulk-rock geochemical and zircon Hf isotopic data on the 
16 orthogneisses from the Dongjiu area of the southern Lhasa subterrane (SLT), southern 
17 Tibet. Geochemical data suggest that the protoliths of the biotite-amphibole gneiss 
18 and biotite gneiss are granodiorite and granite, respectively. Inherited magmatic 
19 zircon cores from these orthogneisses give protolith crystalline ages of 1520–1506 
20 Ma, whereas the overgrown zircon rims give metamorphic ages of 605–590 Ma. The 
21 Mesoproterozoic granitic rocks have bulk-rock εNd(t) values of -3.6 to +0.1 and zircon 
22 core εHf(t) values of -4.5 to +2.6, which give similar TDM2 ages of 2.35–2.05 Ga and 
23 2.54–2.10 Ga respectively, suggesting their derivation from partial melting of 
24 Paleoproterozoic crustal material. The granitic rocks are also local provenance for the 
25 Mesoproterozoic detrital zircons in the Paleozoic strata in the Lhasa terrane. Titanite 
26 in situ U–Pb ages further indicate that the Dongjiu orthogneiss experienced more 
27 recent metamorphism at ~ 26 Ma. The mineral assemblage and thermobarometry 
28 calculations indicate that the Oligocene metamorphism occurred under medium-
29 pressure (MP) amphibolite-facies conditions (5.4–7.2 kbar, 691–765 °C). We propose 
30 that the Dongjiu gneisses represent the Precambrian metamorphic basement of the 
31 Lhasa terrane, the oldest basement rocks so far recognized, but have been intensively 
32 reworked by metamorphism in the SLT in response to the continued India-Asia 
33 convergence since the collision.
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39 1. Introduction
40 Like much of the central and southeastern Asian geology, the Tibetan Plateau 
41 formed via amalgamation of terranes during the Phanerozoic (Chang and Zheng, 
42 1973; Allégre et al., 1984; Chang et al., 1986; Sengör and Natal’in, 1996; Yin and 
43 Nie, 1996). However, our knowledge on the histories of these terranes prior to their 
44 amalgamation remains limited. The early history of these terranes that make up the 
45 Tibetan Plateau is obscured by the paucity of basement exposure, by the strong 
46 reworking of basement rocks during the later thermal events, and by the 
47 predominance of younger supracrustal rocks with strong reworking of later thermal 
48 events.
49 As the main tectonic component of the Tibetan Plateau, the Lhasa terrane has 
50 been considered to be composed dominantly of Paleozoic to Mesozoic strata, 
51 Mesozoic and Cenozoic igneous rocks and Precambrian basement (e.g.,. Yin and 
52 Harrison, 2000; Pan et al., 2004, 2006). The nature and spatial distribution of the 
53 Precambrian basement beneath the entire terrane havehas been speculative. The 
54 limited works on the basement to date suggest that the Lhasa terrane crust is relatively 
55 young (< 2.01.5 Ga). U–Pb dating of zircons in gneissic rocks shows the presence of 
56 the Neoproterozoic crystalline crust in the Amdo block (~ 850 and 500 Ma, Guynn et 
57 al., 2006, 2012; Zhang et al., 2012a) and in the Xainza area in the central Lhasa 
58 subterrane (CLT) (~ 925–760 Ma, Hu et al., 2005; Zhang et al., 2012b; Hu et al., 
59 2018a, b; Zeng et al., 2018). There is also ProterozoicMesoproterozoic crystalline 
60 basement in the Bomi area in the eastern CLT (ca. 1866 Ma,(~ 1343– and 1250 Ma 
61 and 824 Ma, Xu et al., 2013a; Chen et al., 2019) (Fig. 1a). These ages represent the 
62 only known Precambrian crystalline basement from the Lhasa terrane. Nd-Hf isotopic 
63 model ages have been used to suggest that the crust of the Lhasa terrane may be older, 
64 perhaps even Archean. Bulk-rock Nd isotope data on the Amdo Cambrian orthogneiss 
65 give Mesoproterozoic model ages (Harris et al., 1988a), while bulk-rock Nd and 
66 zircon Hf isotopic data on the Cretaceous granitoids of the Lhasa terrane yield 
67 Proterozoic and Archean model ages (Chiu et al., 2009; Zhu et al., 2009a). Zhu et al. 
68 (2011) suggest that the CLT was once a microcontinent with Proterozoic and Archean 
69 basement rocks, whereas the southern and northern parts of the Lhasa terrane are 
70 dominated by younger juvenile granitoid crust. However, zircon Hf isotopic mapping 
71 for the Mesozoic-Cenozoic magmatic rocks shows that the eastern segment of the 
72 northern Lhasa subterrane (NLT) is an ancient block; the southern Lhasa subterrane 
73 (SLT) is not entirely a juvenile block with inhomogeneity of crustal compositions 
74 (Hou et al., 2015). However, no Archean rocks have been identified so far. It is 
75 possible that the enriched radiogenic isotopic compositions could have resulted from 
76 the assimilation of melted sedimentary rocks that were themselves sourced from older 
77 continents (e.g.,. Indian craton), rather than from pre-Neoproterozoic basement of the 
78 Lhasa terrane itself (Ding et al., 2003). Therefore, the true and complete constituent of 
79 the Precambrian basement beneath the Lhasa terrane remains to be revealed.
80 In this paper, we report the results of our petrological, geochronological and 
81 geochemical studies on reworked Precambrian metamorphic basement rocks from the 
82 Dongjiu area of the SLT (Fig. 1). The Dongjiu metamorphic rocks not only provide 
83 information on their protolith, but also record two episodes of subsequent 
84 metamorphism and Phanerozoic reworking of the Precambrian basement of the Lhasa 
85 terrane.
86
87 2. Geological setting and sample description
88 2.1. Geological setting
89 The Lhasa terrane on the southern segmentmargin of the Tibetan Plateau is 
90 located between the Qiangtang terrane and Himalayan belt, bounded by the Bangong-
91 Nujiang suture zone to the north and the Indus-Yarlung Zangbo suture zone to the 
92 south (Fig. 1a). From north to south, the Lhasa terrane has been divided into the 
93 northern, (NLT), central (CLT) and southern (SLT) subterranes, separated by the 
94 Shiquan River-Nam Tso mélange zone to the north and the Luobadui-Milashan fault 
95 to the south (Fig. 1a; Zhu et al., 2009a).
96 The NLT is characterized by the presence of juvenile crust and absence of a 
97 Precambrian basement (cf. Pan et al., 2004; Zhu et al., 2011). The sedimentary cover 
98 in the NLT is mainly Jurassic–Cretaceous with minor Triassic in age (e.g., Pan et al., 
99 2004, 2006; Nimaciren et al., 2005). Voluminous Mesozoic volcanic rocks are 
100 exposed in this subterrane, and Mesozoic plutonic rocks are mainly confined to its 
101 western and eastern segments generally as huge batholiths (e.g., Zhu et al., 2011).
102 The CLT is covered with the widespread Permo-Carboniferous metasedimentary 
103 rocks, plus minor Ordovician, Silurian, and Triassic strata (cf. Pan et al., 2004). The 
104 volcanic rocks in this subterrane are mostly early Cretaceous in age with minor being 
105 Permian. The Mesozoic plutonic rocks occur as batholiths of varying age (~ 215–88 
106 Ma; cf. Zhu et al., 2011 and references therein). Cambrian volcanic rocks are 
107 scattered in the west and middle of the CLT (Fig. 1a, Zhu et al., 2012; Hu et al., 2013; 
108 Ding et al., 2015). The late Permian high-pressure eclogite and late Triassic–early 
109 Jurassic metamorphic rocks are exposed in the middle and eastern parts of the CLT 
110 (e.g., Yang et al., 2009; Zeng et al., 2009; Dong et al., 2011a; Lin et al., 2013a; Cheng 
111 et al., 2015; Weller et al., 2015; Chen et al., 2017). The Nyainqêntanglha Group in the 
112 middle part of the CLT has been interpreted as its Precambrian basement (Li, 1955; 
113 Allégre et al., 1984; Harris et al., 1988b; Pan et al., 2004). On the basis of zircon U–
114 Pb dating, the protoliths of the Nyainqêntanglha Group near Xainza area were 
115 emplaced in the Neoproterozoic (Fig. 1a, Hu et al., 2005; Zhang et al., 2012b; Hu et 
116 al., 2018a, b; Zeng et al., 2018). Recent petrological studies with zircon U–Pb age 
117 data reveal that the rocks from the Xainza area are the relics of the Neoproterozoic (~ 
118 900 Ma) ocean crust metamorphosed subsequently at ~ 690–650 Ma (Dong et al., 
119 2011b; Zhang et al., 2012b). Moreover, Xu and co-workers (Xu et al., . (2013a; Chen 
120 et al., 2019) reported the presence of ProterozoicMesoproterozoic basement with a 
121 crystallization agesage of ca. 1866~ 1300 Ma, 1343–1250 Ma and 824 Ma from the 
122 Bomi complex in the southeastern part of the CLT. Chen et al. (2019) suggested that 
123 these Proterozoic gneisses revealed two metamorphic events at ca. 625–600 Ma and 
124 80 Ma. These new data confirm the presence of a Precambrian metamorphic basement 
125 in the CLT.
126 The SLT is mainly composed of the Paleogene volcanic rocks, Cretaceous–
127 Tertiary intrusions, Triassic–Cretaceous volcano-sedimentary rocks and minor 
128 medium- to high-grade metamorphic rocks (e.g., Pan et al., 2004; Zhu et al., 2008, 
129 2013; Zhang et al., 2014a). The sedimentary cover in the SLT is largely restricted to 
130 its eastern segment (cf. Pan et al., 2004). The Nyingchi complex in the eastern SLT 
131 has been interpreted as the Precambrian basement (Pan et al., 2004; Yin et al., 2003; 
132 Xie et al., 2007). However, more recent studies indicated that mostthe protoliths of 
133 the Nyingchi complex included both sedimentary and magmatic rocks of Cambrian (~ 
134 496 Ma), Devonian (~ 360 Ma), Cretaceous (~ 90 Ma) and Eocene (~ 55 Ma), 
135 metamorphosed in the Mesozoic to Cenozoic (Dong et al., 2010, 2012, 2014; Guo et 
136 al., 2011, 2012; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a, 
137 b, 2015). Based on zircon U–Pb dating, Lin et al. (2013b) reported a metamorphic age 
138 of ~ 600 Ma from the Nyingchi complex in the eastern SLT, with a protolith age of ~ 
139 1780 Ma. However, their samples are close to the northeast of the Eastern Himalayan 
140 Syntaxis, and are widely intruded by the Mesozoic–Cenozoic granitoids or occur as 
141 xenoliths within these granitoids (Lin et al., 2013b).gneisses in the eastern SLT. 
142 Therefore, a Precambrian crystalline basement may indeed be present at least locally 
143 in the SLT.
144 The presentOur study area is located northwest of the Dongjiu area at the eastern 
145 edge of the SLT, where metamorphic rocks and Cenozoic intrusive rocks are exposed 
146 (Fig. 1b). The metamorphic rocks are offset by an east-west fault. The rocks north of 
147 the fault include schists and gneisses that experienced amphibolite-faciespeak 
148 kyanite-grade metamorphism at ~ 190 Ma (Chen et al., 2017). The studied samples 
149 arerocks in the south comprise gneisses collected south of the fault.. These 
150 metamorphic rocks are all intruded by the Cenozoic granites (~ 40–25 Ma; Booth et 
151 al., 2004). The studied samples are gneisses collected south of the fault (Figs. 1b and 
152 2).
153 2.2. Sample description
154 Sample details are given in Table 1, including protolith type, location, mineral 
155 assemblage, protolith andage, metamorphic ages,age and metamorphic P–T 
156 conditions.
157 The biotite-amphibole (Bt-amp) gneisses consist of plagioclase (~30 vol%), K-
158 feldspar (~15 vol%), quartz (~35 vol%), amphibole (~10 vol%), biotite (~5 vol%), 
159 titanite (~3 vol%), allanite (~1 vol%), and accessory phases including epidote, 
160 ilmenite, apatite, rutile and zircon (Fig. 2a3a–d). The biotiteBiotite (Bt) gneisses are 
161 comprised of plagioclase (~20 vol%), K-feldspar (~35 vol%), quartz (~40 vol%), 
162 biotite (~4 vol%), and accessory minerals of allanite, epidote, apatite and zircon (Fig. 
163 2e3e, f). The foliation is defined by aligned biotite flakes and quartz-feldspar bands. 
164 Thereinto, allanite occurs in two ways: those withreplaced by epidote at rims and 
165 zircon inclusions (Fig. 2c3c–e), including zircon grains (Fig. 3c, d), and those as 
166 inclusions within titanite (Fig. 7f8f, g, m, o, p). Most titanite grains rimare rimmed by 
167 ilmenite, and some have inclusions of biotite, allanite, apatite, plagioclase, quartz or 
168 minorminer rutile. The gneisses have apetrography shows the mineral assemblage of 
169 plagioclase + K-feldspar + biotite + quartz + epidote ± amphibole ± titanite.
170 The studied gneisses underwent partial melting as revealed by the following 
171 evidence:presence of prior melt along grain boundaries is evident on thin-section 
172 scales, such as (1) feldspar grains with cuspate extensions along quartz-quartz 
173 contacts (Fig. 2b3b), (2) narrow trains of K-feldspar blebs along quartz-plagioclase 
174 contacts (Fig. 2a3a, f), (3) adjacent grains of quartz, feldspar and biotite grains are 
175 corroded (Fig. 2a3a, b, e, f). These microstructures are interpreted as crystallization 
176 productspseudomorphs of the former presence of melt (e.g., Sawyer, 2001; Brown, 
177 2002; Timmermann et al., 2002).
178
179 3. Analytical methods and results
180 Analytical method details are given in Supplementary Text 1, including 
181 Cathodoluminescence (CL) images, back scattered electron (BSE) images and 
182 analytical data on mineral major elements, bulk-rock major and trace elements, Sr–Nd 
183 isotopes, zircon U–Pb dating, trace elements and Hf isotopes, and titanite in situ U–Pb 
184 dating.
185 3.1. Mineral major element data
186 Major element compositions of plagioclase and amphibole in the (Bt-amp gneiss 
187 (samples 169-1 and 39-1) are given in Supplementary Table 1 and 2, respectively.
188 Plagioclase grains in both samples are oligoclase, with An contents of 0.28–0.30. 
189 Amphibole grains have 10.98–11.68 wt% CaO and 1.19–1.42 wt% Na2O classified as 
190 calcic amphibole (Leake et al., 1997).
191 3.2. Bulk-rock major and trace element and Sr–Nd isotope data
192 Bulk-rock major element, trace element and Sr–Nd isotopic compositions on the 
193 studied samples are given in Table 2.
194 The Bt-amp gneiss samples (169-1, 169-2 and 39-1) have 64.2–68.4 wt% SiO2, 
195 15.0–15.7 wt% Al2O3, 3.33–3.80 wt% CaO, 3.40–4.10 wt% Na2O and 2.40–3.72 wt% 
196 K2O. The Bt gneiss samples (168-1 and 169-4) are characterized by higher SiO2 
197 (70.3–71.9 wt%) and K2O (4.33–5.34 wt%), but lower Al2O3 (13.9–14.7 wt%), CaO 
198 (1.85–2.06 wt%) and Na2O (3.21–3.38 wt%). Using the Ab-An-Or classification for 
199 silicic rocks (Barker, 1979), the Bt-amp gneisses are granodiorite whereas the Bt 
200 gneisses are granite (Fig. 3a4a). These granitoid gneisses are metaluminous (Fig. 
201 3b4b), with the aluminum saturation indices (A/CNK = molecular Al2O3 / (CaO + 
202 Na2O + K2O)) of 0.95–1.02.
203 These orthogneisses are enriched in light rare earth elements (REE) and 
204 relatively depleted in heavy REEs with highly fractionated REE patterns ((La/Yb)N = 
205 15.3–143.5) and a weak negative Eu anomaly (Eu/Eu* = 0.62–0.87) (((La/Yb)N = 
206 15.3–143.5; Fig. 4a5a, Table 2). Furthermore, most samples display characteristic arc-
207 like signature of negative Nb, Ta and Ti anomalies (except for sample 169-2 without 
208 Ti anomaly due to low REE contents, Fig. 4b5b).
209 For the analyzed four samples, their initial 87Sr/86Sr isotopic ratios and εNd(t) 
210 values calculated at t = 1520 Ma (see 3.3 below). The Bt-amp gneiss samples (169-1, 
211 169-2 and 39-1) have relatively high initial 87Sr/86Sr ratios of 0.7008–0.7036 and 
212 εNd(t) values of -3.6 to +0.1, with model ages TDM2 = 2.35–2.05 Ga. The Bt gneiss 
213 sample (168-1) gives εNd(t) = -2.2 and TDM2 = 2.24 Ga, with an abnormally low 
214 87Sr/86Srinitial = 0.6866. This unusual (Note that this initial Sr isotopic ratio has no 
215 petrogenetic significance because of the mobility of Rb, which led to the excessive 
216 subtraction of 87Rb/86Sr ratio.Sr).
217 3.3. Zircon U–Pb age and Hf isotope
218 LA-ICP-MS zircon U–Pb dating and trace element analysis of five samples and 
219 zircon Hf isotope compositions of four samples are given in Supplementary Tables 3 
220 and 4, respectively.
221 Zircon grains from the five gneisses are mostly colorless, subhedral–euhedral 
222 oblong or prismatic with varying size of ~ 100–200 μm. CL images show that zircon 
223 grains have a core–rim structure consisting of inherited cores with oscillatory zoning 
224 and dark rims with weak or no zoning (Figs. 56 and 6). The7). All the analyzed spots 
225 on zircon cores from two Bt-amp gneiss samples (169-1 and 169-2) and two Bt gneiss 
226 samples (168-1 and 169-4) yield weighted mean 207Pb/206Pb ages of 1519±36 Ma (n = 
227 =5, MSWD = =0.016), 1520±18 Ma (n = =12, MSWD = =0.85), 1516±15 Ma (n = 
228 =20, MSWD = =0.046) and 1506±6 Ma (n = =16, MSWD = =0.45), with upper 
229 intercept ages of 1544±47 Ma, 1551±23 Ma, 1544±26 Ma and 1498±6 Ma, 
230 respectively (Figs. 5a6a, c and 6a7a, c). All analyzed spots on core domains have 
231 relatively high Th contents (57.7–927 ppm), Th/U ratios (0.10–1.52) and REE 
232 contents (170–1576 ppm) with remarkable negative Eu anomalies (Eu/Eu* = *=0.07–
233 0.55) (; Figs. 5b6b, d and 6b, d, Supplementary Tables 37b, d). Analyzed spots on 
234 zircon rims from three Bt-amp gneiss samples (169-1, 169-2 and 39-1) and one Bt 
235 gneiss sample (168-1) yield weighted mean 206Pb/238U ages of 605±27 Ma (n = =15, 
236 MSWD = =0.96), 591±3 Ma (n = 14=15, MSWD = =0.54) and 595±2 Ma (n = =21, 
237 MSWD = =0.40), with lower intercept ages of 585±11 Ma, 592±18 Ma, 588±6 Ma 
238 and 563±10 Ma, respectively (Figs. 5a6a, c, e and 6a7a). Only one zircon rim spot 
239 from sample 169-2 is obtained with 206Pb/238U age of 590±2 Ma (Figs. 5c6c). 
240 Compared with zircon cores, analyzed spots on rim domains have relatively low Th 
241 contents (22.0–82.2 ppm), Th/U ratios (0.03–0.10) and REE contents (50.3–473 
242 ppm), with weak or no negative Eu anomalies (Eu/Eu* = *=0.21–1.86) (; Figs. 5b6b, 
243 d, f and 6a, Supplementary Tables 37a).
244 Therefore, the zircon LA–ICP–MS U–Pb analyses yield two age groups: 1520–
245 1506 Ma of weighted mean 207Pb/206Pb age for zircon cores and 605–590 Ma of 
246 weighted mean 206Pb/238U age for zircon rims.
247 Fifty-three Hf isotopic analyses on zircon cores from two Bt-amp gneiss samples 
248 (169-1 and 169-2) and two Bt gneiss samples (168-1 and 169-4) give initial 
249 176Hf/177Hf isotopic ratios of 0.281697–0.281891 and εHf(t) values ranging from -4.5 
250 to +2.6, with two-stage model ages TDM2 of 2.54–2.10 Ga (Supplementary Tables 4)..
251 3.4. Titanite in situ U–Pb age
252 Two titanite-rich gneiss samples (169-1 and 39-1) were selected for LA-ICP-MS 
253 titanite in situ U–Pb dating. BSE images and photomicrographs of representative 
254 titanite are shown in Fig. 78 and the titanite U–Pb dating and trace element data are 
255 given in Supplementary Table 5.
256 Most titanite crystals are brown and subhedral–anhedral in shape with inclusions 
257 of ilmenite, biotite, allanite, apatite, plagioclase, quartz and minorminer rutile (Fig. 
258 78). BSE images show that the titanite crystals mostly have patchy zoning. The 
259 analyzed spots of titanite yield lower intercept ages are 25.1±0.6 Ma for sample 169-1 
260 (Fig. 8a9a) and 24.7±0.5 Ma for sample 39-1 (Fig. 8b9b). After correction using 
261 207Pb, the weighted mean 206Pb/238U ages are 26.2±0.4 Ma (n=40, MSWD=2.5) and 
262 26.0±0.6 Ma (n=29, MSWD=3.1) (Fig. 89).
263
264 4. Metamorphic P–T conditions
265 4.1. Hbl-Pl-Q thermobarometry
266 Amphibole–plagioclase thermometry (Holland and Blundy, 1994) and 
267 amphibole–plagioclase–quartz barometry (Bhadra and Bhattacharya, 2007) are used 
268 to calculate the peak-metamorphic P–T condition of the Bt-amp gneisses. The 
269 amphibole–plagioclase–quartzHbl-Pl-Q thermobarometry yields metamorphic P–T 
270 conditions of 6.2–7.2 kbar and 691–736 °C for sample 169-1, and 5.4–6.5 kbar and 
271 716–765 °C for sample 39-1.
272 4.2. Zr-in-titanite thermometry
273 TitaniteFor comparison, titanite formation temperatures arewere estimated using 
274 the Zr-in-titanite thermometry (T (°C) = [7708 + 960P] / [10.52 − log(αTiO2) − 
275 log(αSiO2) − log(ppm Zr, titanite)] − 273; Hayden et al., 2008). The activity of TiO2 is 
276 assumed to be 0.5 (plausible lower limits in typical crustal rocks), with SiO2 activity 
277 assumed as 1.0 (Hayden and Watson 2007; Ferry and Watson 2007). Based on 
278 amphibole–plagioclase–quartzHbl-Pl-Q barometer, the metamorphic pressure 
279 conditions of the Bt-amp gneisses are ~ 6 kbar. Zr concentrations range from 158 to 
280 591 ppm in sample 169-1, and from 276 ppm to 620 ppm in sample 39-1. The 
281 calculations of Zr-in-titanite thermometry are 688–756 °C for sample 169-1 and 716–
282 759 °C for sample 39-1 (Supplementary Table 5). The temperature data display a 
283 cluster at 700–750 °C (64/69, Fig. 910), which is consistent with the peak temperature 
284 conditions obtained by the amphiboleAmphibole–plagioclase thermometry.
285
286 5. Discussion
287 5.1. Age interpretation
288 Zircon LA-ICP-MS U–Pb dating shows two age groups of 1520–1506 Ma and 
289 605–590 Ma. Most zircons of the studied Dongjiu gneisses show euhedral-prismatic 
290 forms and display rounded terminations, which in some cases generate an ovoid 
291 morphology. CL images show that all zircon grains have a core–rim structure, i.e., 
292 oscillatory-zoned core and rim with no or weak or no zoning (Figs. 56 and 67). The 
293 inherited zircon cores yield concordant ages of 1520–1506 Ma without detrital age 
294 distribution (analyses with concordance > 95%, Supplementary Tables 3). These 
295 zircon cores have relatively high Th contents (usually > 50 ppm) with high Th/U 
296 ratios (≥ 0.1, up to 1) (Fig. 1011) and REE patterns with remarkable negative Eu 
297 anomalies (Figs. 5b6b, d and 6b7b, d). These properties are consistent with the 
298 zircons being of magmatic origin (e.g., Hoskin and Schaltegger, 2003). Thus, the 
299 Mesoproterozoic ageages of ~ 1500 Ma given by the zircon cores representsrepresent 
300 the protolith crystallization age of the gneisses. By comparison, CL images show that 
301 zircon rims have no or weak or no zoning. Most zircon rims occur as lobes with 
302 smooth or rough edges, and may overprint pre-existing structures (Fig. 5b6b, f). All 
303 these characteristics suggest that most zircon rims have developed during 
304 metamorphic recrystallization near the solidus (Hoskin and Black, 2000; Rubatto, 
305 2017). The zircon rims have lower Th contents (usually < 50 ppm) and Th/U ratios (< 
306 0.1) (Fig. 1011) without remarkable negative Eu anomalies (Figs. 5b6b, d, f and 
307 6b7b), which are indeed consistent with being of metamorphic zirconorigin (e.g., 
308 Rubatto et al., 2009; Rubatto, 2017). Based on the zircon internal structure, Th/U 
309 ratios and REE patterns, we suggest that the zircon rims provide the metamorphic 
310 ages of 605–590 Ma for the orthogneisses in the Dongjiu area in the SLT.
311 Titanite crystals from two Bt-amp gneiss samples are all subhedral–anhedral in 
312 shape with metamorphic mineral inclusions of ilmenite, biotite, allanite, plagioclase, 
313 quartz or minorminer rutile (Fig. 78). BSE images show that titanite crystals have 
314 patchy zonation, characteristic of metamorphic titanite (Rubatto, 2017). Therefore, 
315 LA–ICP–MS titanite in situ U–Pb dating indicates that these gneisses experienced 
316 Oligocenerecent metamorphism at ~ 26 Ma.
317 In summaryconclusion, the protolithsprotolith of the gneisses from the Dongjiu 
318 area of the SLT crystallized in the Mesoproterozoic (1520–1506 Ma), and followed 
319 by subsequent metamorphism in the Neoproterozoic (605–590 Ma) and more recently 
320 in the Oligocene (~ 26 Ma).
321 5.2. Mesoproterozoic magmatism
322 The Lhasa terrane, as the southernmost part of the Asian continent, experienced 
323 intense deformation, magmatism and metamorphism related to the northward Neo-
324 Tethyan seafloor subduction in the Mesozoic and the India-Asia continental collision 
325 in the Cenozoic (e.g., Zhu et al., 2011; Zhang et al., 2014a). Due to these strong 
326 reworking processes, the Precambrian thermotectonic records are rarely reported (e.g., 
327 Dong et al., 2010, 2011b; Guynn et al., 2012; Zhang et al., 2012b; Xu et al., 2013a; 
328 Hu et al., 2018b; Chen et al., 2019).
329 Based on the zircon U–Pb geochronology, the inherited magmatic zircon cores of 
330 the Dongjiu gneisses yield crystallization ages of 1520–1506 Ma (lack detrital 
331 components; see above), indicate that the protoliths of Dongjiu gneisses are 
332 Mesoproterozoic magmatic rocks. The bulk-rock chemical compositions of the 
333 Dongjiu gneisses suggest that their protoliths are metaluminous granodiorite and 
334 granite (Fig. 34), characteristic of arc-like signature with negative Nb, Ta and Ti 
335 anomalies (Fig. 4b5b). The Mesoproterozoic granitic rocks have bulk-rock εNd(t) 
336 values of -3.6 to +0.1 and zircon εHf(t) values of -4.5 to +2.6, with similar TDM2 ages 
337 of 2.35–2.05 Ga and 2.54–2.10 Ga, respectively, suggesting that the magmatic rocks 
338 are derived from partial melting of Paleoproterozoic crustal material.
339 The coeval ~ 1500 Ma magmatic rocks are widespread in several continental 
340 fragments in different tectonic settings, including West Africa, South America, North 
341 America, Australia, Baltica (Northern Europe), Siberia and India. The rock types are 
342 mainly mafic dikes and sills (e.g., Ernst et al., 2013, 2016; Silveira et al., 2013), and 
343 massif-type anorthosites (e.g., Emslie, 1978; Weis, 1986; Sadowski and Bettencourt, 
344 1996; Mukherjee and Das, 2002). The Mesoproterozoic Era, dominated by the break-
345 up of the Columbia supercontinent and the formation of the Rodinia supercontinent, 
346 was an important crust-forming period in many continents in Earth’s history. The 
347 global Mesoproterozoic magmatism has commonly been attributed to the rifting and 
348 fragmentation of the Columbia supercontinent (e.g., Rogers and Santosh, 2002; Zhao 
349 et al., 2003). However, ~ 1.6–1.5 Ga metamorphic and magmatic rocks of the Central 
350 Indian Tectonic Zone are the products of south-north Indian subcontinental collision 
351 (e.g., Acharyya, 2003; Kröner et al., 2012). For the studied Mesoproterozoic granitic 
352 rocks in the SLT, it is too early and difficult to discuss the tectonic setting in a global 
353 context owing to their limited distribution and subsequent reworking.
354 The Mesoproterozoic inherited zircons in the Gangdese batholith (e.g., Zhu et al., 
355 2011; Ji et al., 2017), and detrital zircons from the sedimentary rocks of the 
356 Carboniferous–Triassic strata (Leier et al., 2007; Pullen et al., 2008; Dong et al., 
357 2010; Zhu et al., 2013; Li et al., 2014; Guo et al., 2017) indicate that the 
358 Mesoproterozoic magmatic rocks are probably more widely distributed than exposed 
359 in the Lhasa terrane. Moreover, the metasedimentary rocks from the Nyingchi 
360 complex in the SLT contain abundant ~1500 Ma detrital zircons (Guo et al., 2017). 
361 The 1550–1450 Ma detrital zircons from the CLT Permian–Triassic strata define a 
362 broad band of εHf(t) values (-16.7 to +9.6; Fig. 1112). By comparison, the coeval 
363 detrital zircons from the SLT metasedimentary rocks have lower εHf(t) values (-11.3 
364 to +3.2; Fig. 1112). The studied Mesoproterozoic granitic rocks, with the coeval 
365 gneisses of the southern Nyingchi complex (our unpublished data) have the similar 
366 zircon εHf(t) values as the above, suggesting that they might be local sources for the 
367 Mesoproterozoic detrital zircons of the Paleozoic strata (Fig. 1112).
368 5.3. Neoproterozoic and Oligocene metamorphism
369 Based on zircon and titanite U–Pb geochronology, the Dongjiu orthogneisses 
370 experienced two metamorphic events at 605–590 Ma recorded by zircon and 26 Ma 
371 by titanite, respectively.
372 5.3.1. Neoproterozoic metamorphism
373 Due to the Oligocene metamorphism, the Neoproterozoic metamorphic minerals 
374 are usually overprinted. The petrography shows that ilmenite is all surrounded by 
375 titanite; rare rutile only occurs as inclusions within titanite; and allanite is rimed by 
376 epidote including zircon grains (Figs. 2c3c, d and 78). Along with titanite formed in 
377 the later metamorphism, we speculate that the mineral assemblage of the 
378 Neoproterozoic metamorphism is represented as ilmenite and allanite. Lacking index 
379 metamorphic minerals, it is difficult to calculate the detailed P–T conditions of the 
380 Neoproterozoic metamorphism for the studied gneisses. However, the characteristics 
381 of zircon internal structure and chemistry show that zircon rims of the Dongjiu 
382 gneisses likely form under conditions near solidus. Rubatto et al. (2009) show that the 
383 metamorphic zircon rims of metatonalite with the similar mineral assemblage to this 
384 study formed under amphibolite-facies condition (T = 620–700 ºC). For diorite bulk 
385 composition, recent phase equilibrium modeling indicated that the H2O-saturated 
386 (wet) solidus occurs between ~ 650–700 °C and garnet becomes stable above ~ 8.5 
387 kbar (e.g., Palin et al., 2016). On the formation condition of zircon rim, bulk 
388 composition and lack of garnet, we reasonspeculate that the Dongjiu granitic gneisses 
389 underwent MPmedium-pressure amphibolite-facies metamorphism at 605–590 Ma.
390 According to the Gondwana-derived affinity, the ~ 600 Ma metamorphic event 
391 of the Lhasa terrane is likely related to the assembly of Gondwana supercontinent 
392 (e.g., Meert, 2003; Veevers, 2004; Collins and Pisarevsky, 2005). Early 
393 palaeogeographic models based on limited data interpreted the presence of a single 
394 super-continent throughout the Proterozoic (Piper, 1976). McWilliams (1981) 
395 suggested that two Neoproterozoic continental masses, East Gondwana (India, East 
396 Australia, Antarctica, Madagascar and Sri Lanka) and West Gondwana (Africa and 
397 South America) collided along the Mozambique Belt to form Gondwana. Form the 
398 Rodinia fragments to the final amalgamation Gondwana, there have been many 
399 accretionary terranes and collisional events (Collins and Pisarevsky, 2005). Although 
400 more work is needed on details of such amalgamation. Meert and co-workers (Meert, 
401 et al., 1995; Meert and Van der Voo, 1997; Meert, 2001, 2003) suggested a 
402 multiphase assembly of two main periods of orogenesis, including an earlier East 
403 African Orogeny (EAO) (~ 750–620 Ma) and a later Kuunga Orogeny (~ 570–530 
404 Ma). The later orogeny marks the collision of Australia and Antarctica with the rest of 
405 Gondwana and was subsequently correlated with a broad belt of orogenesis from the 
406 Damara Orogen in the west to the Pinjarra Orogen in the east (Meert, 2003). They 
407 proposed a Neoproterozoic continent consisting of Sri Lanka, Madagascar and India 
408 colliding with a combined Congo/Kalahari (African) continent at ~ 750–620 Ma, 
409 followed by Australia/East Antarctica colliding with the bulk of Gondwana at ~ 570–
410 530 Ma (Meert, 2003; Meert and Torsvik, 2003). However, Boger and Miller (2004) 
411 proposed that the EAO evolved as an accretionary orogeny and was partially 
412 superimposed by a ~ 590–560 Ma orogen created by the collision of combined India, 
413 Madagascar and part of Antarctica land masses with eastern Africa along the 
414 Mozambique suture. In their model, Australia–Antarctica collided with India along 
415 the Kuunga suture at ~ 535–520 Ma. Until now, the Precambrian metamorphic events 
416 of the Lhasa terrane are only reported in the Nyainqêntanglha Group in the central 
417 CLT (~ 690–650 Ma, Dong et al., 2011b; Zhang et al., 2012b), the Bomi complex in 
418 the eastern CLT (~ 625–600 Ma, Chen et al., 2019), and the Nyingchi complex in the 
419 eastern SLT (~ 600 Ma, Lin et al., 2013b and this study). The Nyainqêntanglha Group 
420 experienced an early granulite-facies peak-metamorphism at ~ 690–650 Ma, and late 
421 amphibolite-facies retrogression at ~ 480 Ma (Dong et al., 2011b; Zhang et al., 
422 2012b). Zhang et al. (2012b, 2014a) suggested that the Neoproterozoic metamorphism 
423 occurred during the assembly of East and West Gondwana within the EAO. For all 
424 other Precambrian metamorphic events, only the Nyingchi complex is speculated to 
425 experience MP amphibolite-facies metamorphism without knowing exact P–T 
426 conditions due to the Cenozoic metamorphic reworking. Therefore, this study 
427 suggests that the ~ 600 Ma metamorphism events recorded in the Nyingchi complex 
428 in the eastern SLT and the Bomi complex in the eastern CLT are likely response to 
429 the assembly of Gondwana supercontinent.
430 5.3.2. Oligocene metamorphism and melting
431 In this study, titanite formed at ca.~ 26 Ma is observed either mostly riming 
432 ilmenite or as separate grains. Titanite can be in contact with a variety of minerals, 
433 e.g.,. amphibole, biotite, plagioclase and epidote, and contains inclusions of biotite, 
434 allanite, plagioclase and quartz (Fig. 78). The formation of titanite rims on the 
435 ilmenite could be explained in terms of reactions such as: ilmenite + allanite + K-
436 feldspar + quartz = titanite + anorthite + annite + H2O (Harlov et al., 2006; Angiboust 
437 and Harlov, 2017). Titanite rimming ilmenite is commonly present in the amphibolite-
438 facies rocks (e.g., Nijland and Maijer, 1993; Nijland and Visser, 1995; Hansen et al., 
439 2002; Harlov and Hansen, 2005). The mineral assemblage (plagioclase + K-feldspar + 
440 biotite + quartz + epidote ± amphibole ± titanite) also indicates that the later 
441 Oligocene metamorphism occurred at amphibolite-facies condition. Hbl-Pl-Q 
442 thermobarometry shows that the Dongjiu gneisses experienced peak P–T conditions 
443 of 5.4–7.2 kbar and 691–765 °C. Zr-in-titanite thermometry yields the similar T 
444 conditions of 688–759 °C at ~ 6 kbar. Moreover, the microstructure proves that these 
445 studied gneisses record the presence of melt. along grain boundaries. Therefore, we 
446 suggest that the prior presence of melt representsrepresent the product of the 
447 Oligocene metamorphism, and the Dongjiu granitic gneisses underwent MPmedium-
448 pressure amphibolite-facies metamorphism and melting at ca.~ 26 Ma. In the southern 
449 part of the studied area, the coeval metamorphic rocks of the Nyingchi complex have 
450 also been reported to take place under amphibolite-facies conditions (e.g., Zhang et 
451 al., 2010; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019).
452 5.4. The nature of the Precambrian basement of the Lhasa terrane
453 The spatial distribution and nature of the Precambrian basement beneath the 
454 entire Lhasa terrane havehas been speculative. Duo to medium- to high-grade 
455 metamorphism, the Nyainqêntanglha Group in the CLT and the Nyingchi complex in 
456 the SLT have been regarded as the Precambrian metamorphic basement (Xu et al. 
457 1985; Dewey et al. 1988; Harris 1988b; Hu et al. 2005). However, adequate age 
458 constraints are lacking. Based on zircon Hf isotope data, Zhu et al (2011) suggested 
459 that the CLT has ancient basement rocks of Proterozoic and Archean ages with NLT 
460 and SLT being younger and juvenile crust (Phanerozoic) accreted towards the CLT.
461 The Amdo basement, consisting of orthogneisses and mafic granulites, is 
462 reported to represent the Precambrian basement of the Lhasa terrane (Xu et al., 1985; 
463 Coward et al., 1988; Kidd et al., 1988; Pan et al., 2004). The gneisses have 
464 crystallization ages of Neoproterozoic (~820 Ma; Zhang et al., 2012a) and Cambro-
465 Ordovician (540–460 Ma; Xu et al., 1985; Xie et al., 2010; Guynn et al., 2012; Zhang 
466 et al., 2012a). The mafic granulites have undergoneunderwent peak granulite-facies 
467 metamorphism at ~ 190 Ma and retrogressed under amphibolite-facies conditions at ~ 
468 180 Ma (e.g., Xu et al., 1985; Guynn et al., 2006; Zhang et al., 2012a; Zhang XR et 
469 al., 2014). Therefore, the Amdo gneiss represents a Neoproterozoic crystallization 
470 basement, which undergoesunderwent metamorphism in the early Jurassic.
471 The existence of a Precambrian basement in the CLT has been previously 
472 inferred using older inherited zircon ages of the gneiss (Allégre et al., 1984) and the 
473 bulk-rock Nd isotope composition from sedimentary rocks (Zhang KJ et al., 2007). 
474 Recently reported old rocks are the ca.~ 925–748 Ma granitoids and gabbros of the 
475 Nyainqêntanglha Group in the Xianza area west of Nam Tso Lake (Hu et al., 2005; 
476 Zhang et al., 2012b; Hu et al., 2018 a, b; Zeng et al., 2018). These rocks have 
477 experienced amphibolite- to granulite-facies peak-metamorphism at ca. 690~ 680–650 
478 Ma and 480 Ma (Dong et al., 2011b; Zhang et al., 2012b). Some studies suggest that 
479 the Neoproterozoic magmatic rocks are crust of the Mozambique Ocean (Zhang et al., 
480 2012b; Zeng et al., 2018), but others propose that these rocks formed in a back-arc 
481 setting (Hu et al., 2018 a, b). In addition, the Bomi complex consists of the 
482 Proterozoic magmatic rocks formed at ca. 1866 Ma, 1343–1250 Ma and 824 Ma, and 
483 undergoes metamorphism at ca. 625–600 Ma and 80 Ma (Xu et al., 2013a; Chen et al., 
484 2019). Thereinto, the Paleoproterozoic and Neoproterozoic granitoid gneisses show 
485 geochemical affinity of volcanic arc granites (Chen et al., 2019); the Mesoproterozoic 
486 granite gneisses have an aluminous A-type granite affinity (Xu et al., 2013a). 
487 However, there is no constraint on the metamorphic condition. Therefore, the CLT 
488 indeed hasIn addition, Xu et al. (2013a) reported ~ 1343 and 1250 Ma A-type granites 
489 in the eastern CLT. These Mesoproterozoic granitoids have zircon TDM2 ages of 2.1–
490 1.4 Ga, suggesting that CLT may have Proterozoic basement.
491 In the SLT, the Nyingchi complex has been interpreted to represent slivers of a 
492 Precambrian basement of the Lhasa terrane (e.g., Pan et al., 2004; Xie et al., 2007; 
493 Yin et al., 2003). However, more recent studies suggested that mostsome high-grade 
494 metamorphic rocks in the eastern SLT underwent Mesozoic to Cenozoic 
495 metamorphism and their protoliths included both sedimentary and magmatic rocks 
496 with various protolith ages (Dong et al., 2010, 2012, 2014; Guo et al., 2011, 2012, 
497 2017; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a, 2014b, 
498 2015). Here, the Dongjiu gneisses, as a part of the Nyingchi complex, have a protolith 
499 crystalline age of 1520–1506 Ma, and experienced amphibolite-facies metamorphism 
500 at 605–590 Ma, representing a Precambrian metamorphic basement of the SLT. 
501 Moreover, the studied Mesoproterozoic granitic rocks have TDM2 of 2.545–2.10 Ga, 
502 along with Meso- to Paleoproterozoic zircon Hf model ages of Cambrian and 
503 Devonian–Carboniferous granitoids (Ji et al., 2012; Dong et al., 2014, 2015),1 Ga, 
504 implying the presence of an older early Paleoproterozoic curst yet unidentified in the 
505 SLT.
506 ExcludingUntil now, the ca. 1780 Ma xenoliths reported by Lin et al. (2013b), 
507 the ~ 1500 Ma granitic gneisses from the Dongjiu area we report here are the oldest 
508 rocks reported of the SLT.Lhasa terrane. The zircon Hf and bulk-rock Nd isotopes 
509 give similar TDM2 ages up to 2.5 Ga, suggesting that the Mesoproterozoic granitic 
510 rocks are derived from melting of the Paleoproterozoic crustal material. By contrast, 
511 the ~1300 Ma granitoids from the CLT have younger zircon Hf TDM2 age of 2.0–1.4 
512 Ga. Moreover, the ~ 1500 Ma gneisses from the southern Nyingchi complex give 
513 Paleoproterozoic zircon Hf model ages (Fig. 11, our (unpublished data). By 
514 comparison, the Proterozoic granitoids from the Bomi complex in the CLT have 
515 similar zircon Hf TDM2 ages ranging from 2.5 to 1.) give zircon Hf TDM2 age of 2.3 Ga 
516 (Xu et al., 2013a; Chen et al., 2019). Furthermore, the magmatic rocks (before 360 
517 Ma) from both the SLT and CLT have the same ranges of zircon Hf(t) values and 
518 model ages (Fig. 11).–1.7 Ga. Therefore, we suggest thateither the SLT is 
519 heterogeneous with older Precambrian basement than the CLT or the SLT and CLT 
520 share a common Precambrian basement., but older rocks have not yet been identified 
521 in the CLT. We prefer the latter to be more likely because before 360 Ma, the 
522 magmatic rocks from both the SLT and CLT share the same Hf(t) range and the same 
523 range of model ages (Fig. 12).
524 5.5. Reworking of the Precambrian basement of the Lhasa terrane
525 Although both SLT and CLT share a common Precambrian basement, the strong 
526 thermal events (including metamorphism and mainly mantle-derived magmatism) as a 
527 consequence of the northward subduction of the Neo-Tethyan seafloor beneath the 
528 Lhasa terrane and the subsequent India-Asia continental collision have intensively 
529 reworked the Precambrian basement.
530 Since the early Mesozoic, important mantle contributions have caused the 
531 drastically elevated zircon Hf(t) of the magmatic rocks from the SLT (Fig 1112). 
532 However, their zircon εHf(t) values vary significantly (up to 20 units from ~ -5 to +15; 
533 Fig. 1112), indicating the presence of old basement. The input of mantle material not 
534 only contributed to juvenile continental crust growth (e.g., Mo et al., 2007; Zhu et al., 
535 2011), but also reworked the Precambrian basement of the SLT. In contrast, the 
536 granitoids from the CLT exhibit negative zircon εHf(t) and old TDM2 ages, suggesting 
537 that they arewere mainly derived from partial melting of ancient continental crust. 
538 Therefore, the basement of the CLT underwent weaker reworking, preserving more 
539 rocks with Nd-Hf isotopes characteristic of ancient continental crust than the SLT.
540 This study shows that the Precambrian metamorphic basement of the Lhasa 
541 terrane has also undergone more recent metamorphism at ~ 26 Ma. Due to similar 
542 metamorphic conditions, it is difficult to distinguish mineral assemblages as the result 
543 of recent metamorphism from those of the Neoproterozoic metamorphism, except for 
544 the preserved inclusions of ilmenite and allanite. The main mineral assemblage of 
545 plagioclase + K-feldspar + biotite + quartz + epidote ± amphibole ± titanite is the 
546 product of the Oligocene metamorphism. The coeval metamorphic rocks have been 
547 widely reported in the south part of the Nyingchi complex (e.g., Zhang et al., 2010, 
548 2014a; Guo et al., 2011; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019). 
549 Zhang et al. (2015) suggested that the crustal shortening and thickening resulting from 
550 the continental collision and continued convergence is the very tectonicphysical 
551 mechanism for the Oligocene reworking of the Lhasa terrane crust.
552
553 6. Conclusion
554 (1) The protoliths of the Dongjiu orthogneissesgneisses in the SLT are granodiorite 
555 and granite emplaced at 1520–1506 Ma, which provide source materials for the 
556 Paleozoic metasedimentary rocks in the Lhasa terrane. TheOn the basis of crustal 
557 model ages using bulk-rock Nd and zircon Hf isotopes, we conclude that the 
558 Mesoproterozoic granitoids must have derived from partial melting of earlier 
559 Paleoproterozoic crustal material.
560 (2) The Mesoproterozoic orthogneissesgranitic gneisses from the Dongjiu area have 
561 experienced the Neoproterozoic (605–590 Ma on zircon U–Pb dating) 
562 metamorphism, and therefore represent the Precambrian metamorphic basement 
563 of the SLT.
564 (3) The Dongjiu gneisses also underwent the Oligocene (26 Ma on titanite in situ U–
565 Pb dating) metamorphism under MPmedium-pressure amphibolite-facies 
566 conditions as the result of crustal shortening and thickening in response to the 
567 continued India-Asia continental convergence.
568 (4) The CLT and SLT share a common Precambrian metamorphic basement, but the 
569 SLT basement has been strongly reworked by mantle-derived magmatism and 
570 metamorphism since the Mesozoic.
571
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984 Figure 1. (a) Tectonic framework of the Tibetan Plateau (after Zhu et al., 2013), 
985 showing the major tectonic subdivisions. NLT = Northern Lhasa subterrane, CLT = 
986 Central Lhasa subterrane, SLT = Southern Lhasa subterrane, JSSZ = Jinsha Suture 
987 Zone, LSSZ = Longmu Tso-Shuanghu Suture Zone, BNSZ = Bangong-Nujiang 
988 Suture Zone, SNMZ = Shiquan River-Nam Tso Mmélange Zonezone, LMF = 
989 Luobadui-Milashan Fault, IYZSZ = Indus-Yarlung Zangbo Suture Zone. Data sources 
990 of the Precambrian magmatic rocks for Amdo: ~ 820 Ma and 500 Ma (Zhang et al., 
991 2012a), 852 Ma (Guynn et al., 2006), 532 Ma (Guynn et al., 2012); the CLT from 
992 west to east: 492 Ma (Zhu et al., 2012), 525–510 Ma (Hu et al., 2013), 512 Ma (Ding 
993 et al., 2015), 787 Ma (Hu et al., 2005), 897–886 Ma (Zhang et al., 2012b), 760 Ma 
994 (Hu et al., 2018a), 822–806 Ma (Hu et al., 2018b), 925 Ma (Zeng et al., 2018), 1343– 
995 Ma and 1250 Ma (Xu et al., 2013a; Chen et al., 2019), 1866 Ma (Chen et al., 2019); 
996 the SLT: 496 Ma (Dong et al., 2010). (b) Geological sketch map of the Dongjiu area 
997 in the SLT, the Paleoproterozoic data (~ 1780 Ma) from Lin et al. (2013b)..
998
999 Figure 2. Field photographs of Dongjiu gneiss. (a) Outcrop of the Dongjiu gneiss. (b) 
1000 Closeup photo showing banded structure with millimeter-size white leucosome.Figure 
1001 3. Photomicrographs of representative Dongjiu gneiss. (a) Biotite (Bt)- amphibole 
1002 (Ampamp) gneiss, consisting of amphibole, plagioclase (Pl), K-feldspar (Kfs), biotite, 
1003 quartz (Qz) and titanite (Ttn) riming ilmenite (Ilm), with minor apatite (Ap). (b) Bt-
1004 amp gneiss, showing plagioclase with cuspate extensions along quartz-quartz 
1005 contacts. (c) and (d) Bt-amp gneiss, showing allanite (Aln) replaced by epidote (Ep) 
1006 in rim, with zircon (Zrn) inclusions. (e) Bt gneiss, consisting of plagioclase, K-
1007 feldspar, biotite, quartz, with minor allanite replaced by epidote at rim; adjacent 
1008 grains of quartz, plagioclase and K-feldspar grains are corroded. (f) Bt gneiss, 
1009 showing adjacent plagioclase and biotite grains are corroded; narrow K-feldspar blebs 
1010 at quartz-plagioclase contacts.
1011
1012 Figure 34. (a) Ab-An-Or classification for silicic rocks from Barker (1979). (b) 
1013 A/CNK vs A/NK diagram from Maniar and Piccoli (1989). The data of the Bomi 
1014 Mesoproterozoic granitoids are after Xu et al. (2013a).
1015
1016 Figure 4.5. (a) Chondrite-normalized REE and (b) Primitive-mantle-normalized trace 
1017 element patterns for the Dongjiu gneiss. The data of the Bomi Mesoproterozoic 
1018 granitoids are after Xu et al. (2013a). The normalization data are from Sun and 
1019 McDonough (1989).
1020
1021 Figure 5.6. Zircon U–Pb concordia diagrams and chondrite-normalized REE patterns 
1022 of the Dongjiu Bt-amp gneiss. (a), (c) and (e) Zircon U–Pb concordia diagrams, red 
1023 and blue elliptises represent zircon core and rim ages, respectively. (b), (d) and (f) 
1024 Chondrite-normalized REE patterns, showing CL images of representative zircon 
1025 grains. Red and blue circles indicate zircon core and rim dating spots with ages in Ma, 
1026 respectively. The normalization data are from Sun and McDonough (1989).
1027
1028 Figure 6.7. Zircon U–Pb concordia diagrams and chondrite-normalized REE patterns 
1029 of the Dongjiu Bt gneiss.gneisses. (a) and (c) Zircon U–Pb concordia diagrams, red 
1030 and blue ellipses represent zircon core and rim ages, respectively. (b) and (d) 
1031 Chondrite-normalized REE patterns, showing CL images of representative zircon 
1032 grains. Red and blue circles indicate zircon core and rim ages with ages in Ma, 
1033 respectively. The normalization data are from Sun and McDonough (1989).
1034
1035 Figure 78. BSE images and photomicrographs of representative titanite for the 
1036 Dongjiu Bt-amp gneiss. Representative titanite (a)–(h) for sample 169-1, (i)–(p) for 
1037 sample 39-1. (a)–(d) and (i)–(l) Blue circles are spots for dating with 207Pb corrected 
1038 206Pb/238U ages in Ma. (e)–(h) and (m)–(p) Most titanite including ilmenite, biotite, 
1039 allanite, apatite, plagioclase, quartz and minorminer rutile.
1040
1041 Figure 89. Titanite U–Pb concordia diagrams of the Dongjiu Bt-amp gneiss.
1042
1043 Figure 910. Frequency histogram of Zr-in-titanite temperatures for the Dongjiu Bt-
1044 amp gneiss.
1045
1046 Figure 10. Zircon U vs Th contents diagram of the Dongjiu gneiss.
1047
1048 Figure 11. Zircon U vs Th diagram.Figure 12. Zircon U-Pb age vs εHf(t) diagram for 
1049 the Dongjiu gneiss and related rockssamples from the Lhasa terrane. Data sources: 
1050 SLT ~ 1500 Ma gneiss (our unpublished data); SLT granitoids (Chu et al., 2006; 
1051 Zhang et al., 2007a; Ji et al., 2009, 2012; Yang et al., 2011; Zhu et al. 2011; Dong et 
1052 al., 2013, 2014, 2015; Guo et al., 2013; Meng et al., 2016); CLT granitoids (Zhang et 
1053 al., 2007b; Zhu et al., 2009b, 2011, 2012; Xu et al., 2013a; Hu et al., 2018b; Chen et 
1054 al., 2019); SLT Paleozoic strata (Guo et al., 2017); CLT Paleozoic strata (Zhu et al., 
1055 2013; Li et al., 2014).
HIGHLIGHTS
The Mesoproterozoic rocks (1520–1506 Ma) are recognized in the southern Lhasa 
subterrane (SLT).
Bulk-rock Nd and zircon Hf isotopes show their derivation from the Paleoproterozoic 
material.
The Mesoproterozoic rocks metamorphosed at 605–590 Ma represent the Precambrian 
metamorphic basement of the Lhasa terrane.
Titanite in situ U-Pb dating gives more recent metamorphic age of ~ 26 Ma.
The SLT basement has been strongly reworked by mantle-derived magmatism and 
metamorphism since the Mesozoic.
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12 ABSTRACT
13 Due to the paucity of exposure, the formation and evolution of the Precambrian 
14 basement of the Lhasa terrane remain poorly known. Here we report zircon and 
15 titanite in situ U–Pb ages, bulk-rock geochemical and zircon Hf isotopic data on the 
16 orthogneisses from the Dongjiu area of the southern Lhasa subterrane (SLT), southern 
17 Tibet. Geochemical data suggest that the protoliths of the biotite-amphibole gneiss 
18 and biotite gneiss are granodiorite and granite, respectively. Inherited magmatic 
19 zircon cores from these orthogneisses give protolith crystalline ages of 1520–1506 
20 Ma, whereas the overgrown zircon rims give metamorphic ages of 605–590 Ma. The 
21 Mesoproterozoic granitic rocks have bulk-rock εNd(t) values of -3.6 to +0.1 and zircon 
22 core εHf(t) values of -4.5 to +2.6, which give similar TDM2 ages of 2.35–2.05 Ga and 
23 2.54–2.10 Ga respectively, suggesting their derivation from partial melting of 
24 Paleoproterozoic crustal material. The granitic rocks are also local provenance for the 
25 Mesoproterozoic detrital zircons in the Paleozoic strata in the Lhasa terrane. Titanite 
26 in situ U–Pb ages further indicate that the Dongjiu orthogneiss experienced more 
27 recent metamorphism at ~ 26 Ma. The mineral assemblage and thermobarometry 
28 calculations indicate that the Oligocene metamorphism occurred under medium-
29 pressure (MP) amphibolite-facies conditions (5.4–7.2 kbar, 691–765 °C). We propose 
30 that the Dongjiu gneisses represent the Precambrian metamorphic basement of the 
31 Lhasa terrane, but have been intensively reworked by metamorphism in the SLT in 
32 response to the continued India-Asia convergence since the collision.
33
34 Keywords:
35 Zircon and Titanite in situ U–Pb dating; Mesoproterozoic; Precambrian metamorphic 
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37
38 1. Introduction
39 Like much of the central and southeastern Asian geology, the Tibetan Plateau 
40 formed via amalgamation of terranes during the Phanerozoic (Chang and Zheng, 
41 1973; Allégre et al., 1984; Chang et al., 1986; Sengör and Natal’in, 1996; Yin and 
42 Nie, 1996). However, our knowledge on the histories of these terranes prior to their 
43 amalgamation remains limited. The early history of these terranes that make up the 
44 Tibetan Plateau is obscured by the paucity of basement exposure, by the strong 
45 reworking of basement rocks during the later thermal events, and by the 
46 predominance of younger supracrustal rocks.
47 As the main tectonic component of the Tibetan Plateau, the Lhasa terrane has 
48 been considered to be composed dominantly of Paleozoic to Mesozoic strata, 
49 Mesozoic and Cenozoic igneous rocks and Precambrian basement (e.g., Yin and 
50 Harrison, 2000; Pan et al., 2004, 2006). The nature and spatial distribution of the 
51 Precambrian basement beneath the entire terrane have been speculative. The limited 
52 works on the basement to date suggest that the Lhasa terrane crust is relatively young 
53 (< 2.0 Ga). U–Pb dating of zircons in gneissic rocks shows the presence of the 
54 Neoproterozoic crystalline crust in the Amdo block (~ 850 Ma, Guynn et al., 2006, 
55 2012; Zhang et al., 2012a) and in the Xainza area in the central Lhasa subterrane 
56 (CLT) (~ 925–760 Ma, Hu et al., 2005; Zhang et al., 2012b; Hu et al., 2018a, b; Zeng 
57 et al., 2018). There is also Proterozoic crystalline basement in the Bomi area in the 
58 eastern CLT (ca. 1866 Ma, 1343–1250 Ma and 824 Ma, Xu et al., 2013a; Chen et al., 
59 2019) (Fig. 1a). These ages represent the only known Precambrian crystalline 
60 basement from the Lhasa terrane. Nd-Hf isotopic model ages have been used to 
61 suggest that the crust of the Lhasa terrane may be older, perhaps even Archean. Bulk-
62 rock Nd isotope data on the Amdo Cambrian orthogneiss give Mesoproterozoic model 
63 ages (Harris et al., 1988a), while bulk-rock Nd and zircon Hf isotopic data on the 
64 Cretaceous granitoids of the Lhasa terrane yield Proterozoic and Archean model ages 
65 (Chiu et al., 2009; Zhu et al., 2009a). Zhu et al. (2011) suggest that the CLT was once 
66 a microcontinent with Proterozoic and Archean basement rocks, whereas the southern 
67 and northern parts of the Lhasa terrane are dominated by younger juvenile crust. 
68 However, zircon Hf isotopic mapping for the Mesozoic-Cenozoic magmatic rocks 
69 shows that the eastern segment of the northern Lhasa subterrane (NLT) is an ancient 
70 block; the southern Lhasa subterrane (SLT) is not entirely a juvenile block with 
71 inhomogeneity of crustal compositions (Hou et al., 2015). However, no Archean 
72 rocks have been identified so far. It is possible that the enriched radiogenic isotopic 
73 compositions could have resulted from the assimilation of melted sedimentary rocks 
74 that were themselves sourced from older continents (e.g., Indian craton), rather than 
75 from pre-Neoproterozoic basement of the Lhasa terrane itself (Ding et al., 2003). 
76 Therefore, the true and complete constituent of the Precambrian basement beneath the 
77 Lhasa terrane remains to be revealed.
78 In this paper, we report the results of petrological, geochronological and 
79 geochemical studies on reworked Precambrian metamorphic basement rocks from the 
80 Dongjiu area of the SLT (Fig. 1). The metamorphic rocks not only provide 
81 information on their protolith, but also record two episodes of subsequent 
82 metamorphism and Phanerozoic reworking of the Precambrian basement of the Lhasa 
83 terrane.
84
85 2. Geological setting and sample description
86 2.1. Geological setting
87 The Lhasa terrane on the southern segment of the Tibetan Plateau is located 
88 between the Qiangtang terrane and Himalayan belt, bounded by the Bangong-Nujiang 
89 suture zone to the north and the Indus-Yarlung Zangbo suture zone to the south (Fig. 
90 1a). From north to south, the Lhasa terrane has been divided into the northern, central 
91 and southern subterranes, separated by the Shiquan River-Nam Tso mélange zone to 
92 the north and the Luobadui-Milashan fault to the south (Fig. 1a; Zhu et al., 2009a).
93 The NLT is characterized by the presence of juvenile crust and absence of a 
94 Precambrian basement (cf. Pan et al., 2004; Zhu et al., 2011). The sedimentary cover 
95 in the NLT is mainly Jurassic–Cretaceous with minor Triassic in age (e.g., Pan et al., 
96 2004, 2006; Nimaciren et al., 2005). Voluminous Mesozoic volcanic rocks are 
97 exposed in this subterrane, and Mesozoic plutonic rocks are mainly confined to its 
98 western and eastern segments generally as huge batholiths (e.g., Zhu et al., 2011).
99 The CLT is covered with the widespread Permo-Carboniferous metasedimentary 
100 rocks, plus minor Ordovician, Silurian and Triassic strata (cf. Pan et al., 2004). The 
101 volcanic rocks in this subterrane are mostly early Cretaceous in age with minor being 
102 Permian. The Mesozoic plutonic rocks occur as batholiths of varying age (~ 215–88 
103 Ma; cf. Zhu et al., 2011 and references therein). Cambrian volcanic rocks are 
104 scattered in the west and middle of the CLT (Fig. 1a, Zhu et al., 2012; Hu et al., 2013; 
105 Ding et al., 2015). The late Permian high-pressure eclogite and late Triassic–early 
106 Jurassic metamorphic rocks are exposed in the middle and eastern parts of the CLT 
107 (e.g., Yang et al., 2009; Zeng et al., 2009; Dong et al., 2011a; Lin et al., 2013a; Cheng 
108 et al., 2015; Weller et al., 2015; Chen et al., 2017). The Nyainqêntanglha Group in the 
109 middle part of the CLT has been interpreted as its Precambrian basement (Li, 1955; 
110 Allégre et al., 1984; Harris et al., 1988b; Pan et al., 2004). On the basis of zircon U–
111 Pb dating, the protoliths of the Nyainqêntanglha Group near Xainza area were 
112 emplaced in the Neoproterozoic (Fig. 1a, Hu et al., 2005; Zhang et al., 2012b; Hu et 
113 al., 2018a, b; Zeng et al., 2018). Recent petrological studies with zircon U–Pb age 
114 data reveal that the rocks from the Xainza area are the relics of the Neoproterozoic (~ 
115 900 Ma) ocean crust metamorphosed subsequently at ~ 690–650 Ma (Dong et al., 
116 2011b; Zhang et al., 2012b). Moreover, Xu and co-workers (Xu et al., 2013a; Chen et 
117 al., 2019) reported the presence of Proterozoic basement with crystallization ages of 
118 ca. 1866 Ma, 1343–1250 Ma and 824 Ma from the Bomi complex in the southeastern 
119 CLT. Chen et al. (2019) suggested that these Proterozoic gneisses revealed two 
120 metamorphic events at ca. 625–600 Ma and 80 Ma. These new data confirm the 
121 presence of a Precambrian metamorphic basement in the CLT.
122 The SLT is mainly composed of the Paleogene volcanic rocks, Cretaceous–
123 Tertiary intrusions, Triassic–Cretaceous volcano-sedimentary rocks and minor 
124 medium- to high-grade metamorphic rocks (e.g., Pan et al., 2004; Zhu et al., 2008, 
125 2013; Zhang et al., 2014a). The sedimentary cover in the SLT is largely restricted to 
126 its eastern segment (cf. Pan et al., 2004). The Nyingchi complex in the eastern SLT 
127 has been interpreted as the Precambrian basement (Pan et al., 2004; Yin et al., 2003; 
128 Xie et al., 2007). However, more recent studies indicated that most protoliths of the 
129 Nyingchi complex included both sedimentary and magmatic rocks of Cambrian (~ 
130 496 Ma), Devonian (~ 360 Ma), Cretaceous (~ 90 Ma) and Eocene (~ 55 Ma), 
131 metamorphosed in the Mesozoic to Cenozoic (Dong et al., 2010, 2012, 2014; Guo et 
132 al., 2011, 2012; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a, 
133 b, 2015). Based on zircon U–Pb dating, Lin et al. (2013b) reported a metamorphic age 
134 of ~ 600 Ma from the Nyingchi complex in the eastern SLT, with a protolith age of ~ 
135 1780 Ma. However, their samples are close to the northeast of the Eastern Himalayan 
136 Syntaxis, and are widely intruded by the Mesozoic–Cenozoic granitoids or occur as 
137 xenoliths within these granitoids (Lin et al., 2013b). Therefore, a Precambrian 
138 crystalline basement may indeed be present at least locally in the SLT.
139 The present study area is located northwest of the Dongjiu area at the eastern 
140 edge of the SLT, where metamorphic rocks and Cenozoic intrusive rocks are exposed 
141 (Fig. 1b). The metamorphic rocks are offset by an east-west fault. The rocks north of 
142 the fault include schists and gneisses that experienced amphibolite-facies 
143 metamorphism at ~ 190 Ma (Chen et al., 2017). The studied samples are gneisses 
144 collected south of the fault. These metamorphic rocks are all intruded by the Cenozoic 
145 granites (~ 40–25 Ma; Booth et al., 2004).
146 2.2. Sample description
147 Sample details are given in Table 1, including protolith type, location, mineral 
148 assemblage, protolith and metamorphic ages, and metamorphic P–T conditions.
149 The biotite-amphibole (Bt-amp) gneisses consist of plagioclase (~30 vol%), K-
150 feldspar (~15 vol%), quartz (~35 vol%), amphibole (~10 vol%), biotite (~5 vol%), 
151 titanite (~3 vol%), allanite (~1 vol%), and accessory phases including epidote, 
152 ilmenite, apatite, rutile and zircon (Fig. 2a–d). The biotite (Bt) gneisses are comprised 
153 of plagioclase (~20 vol%), K-feldspar (~35 vol%), quartz (~40 vol%), biotite (~4 
154 vol%), and accessory minerals of allanite, epidote, apatite and zircon (Fig. 2e, f). The 
155 foliation is defined by aligned biotite flakes and quartz-feldspar bands. Thereinto, 
156 allanite occurs in two ways: those with epidote rims and zircon inclusions (Fig. 2c–e), 
157 and those as inclusions within titanite (Fig. 7f, g, m, o, p). Most titanite grains rim 
158 ilmenite, and some have inclusions of biotite, allanite, apatite, plagioclase, quartz or 
159 minor rutile. The gneisses have a mineral assemblage of plagioclase + K-feldspar + 
160 biotite + quartz + epidote ± amphibole ± titanite.
161 The studied gneisses underwent partial melting as revealed by the following 
162 evidence: (1) feldspar grains with cuspate extensions along quartz-quartz contacts 
163 (Fig. 2b), (2) narrow trains of K-feldspar blebs along quartz-plagioclase contacts (Fig. 
164 2a, f), (3) adjacent grains of quartz, feldspar and biotite are corroded (Fig. 2a, b, e, f). 
165 These microstructures are interpreted as crystallization products of the former melt 
166 (e.g., Sawyer, 2001; Brown, 2002; Timmermann et al., 2002).
167
168 3. Analytical methods and results
169 Analytical method details are given in Supplementary Text 1, including 
170 Cathodoluminescence (CL) images, back scattered electron (BSE) images and 
171 analytical data on mineral major elements, bulk-rock major and trace elements, Sr–Nd 
172 isotopes, zircon U–Pb dating, trace elements and Hf isotopes, and titanite in situ U–Pb 
173 dating.
174 3.1. Mineral major element data
175 Major element compositions of plagioclase and amphibole in the Bt-amp gneiss 
176 (samples 169-1 and 39-1) are given in Supplementary Table 1 and 2, respectively.
177 Plagioclase grains in both samples are oligoclase, with An contents of 0.28–0.30. 
178 Amphibole grains have 10.98–11.68 wt% CaO and 1.19–1.42 wt% Na2O classified as 
179 calcic amphibole (Leake et al., 1997).
180 3.2. Bulk-rock major and trace element and Sr–Nd isotope data
181 Bulk-rock major element, trace element and Sr–Nd isotopic compositions on the 
182 studied samples are given in Table 2.
183 The Bt-amp gneiss samples (169-1, 169-2 and 39-1) have 64.2–68.4 wt% SiO2, 
184 15.0–15.7 wt% Al2O3, 3.33–3.80 wt% CaO, 3.40–4.10 wt% Na2O and 2.40–3.72 wt% 
185 K2O. The Bt gneiss samples (168-1 and 169-4) are characterized by higher SiO2 
186 (70.3–71.9 wt%) and K2O (4.33–5.34 wt%), but lower Al2O3 (13.9–14.7 wt%), CaO 
187 (1.85–2.06 wt%) and Na2O (3.21–3.38 wt%). Using the Ab-An-Or classification for 
188 silicic rocks (Barker, 1979), the Bt-amp gneisses are granodiorite whereas the Bt 
189 gneisses are granite (Fig. 3a). These granitoid gneisses are metaluminous (Fig. 3b), 
190 with the aluminum saturation indices (A/CNK = molecular Al2O3 / (CaO + Na2O + 
191 K2O)) of 0.95–1.02.
192 These orthogneisses are enriched in light rare earth elements (REE) and 
193 relatively depleted in heavy REEs with highly fractionated REE patterns ((La/Yb)N = 
194 15.3–143.5) and a weak negative Eu anomaly (Eu/Eu* = 0.62–0.87) (Fig. 4a, Table 
195 2). Furthermore, most samples display characteristic arc-like signature of negative 
196 Nb, Ta and Ti anomalies (except for sample 169-2 without Ti anomaly due to low 
197 REE contents, Fig. 4b).
198 For the analyzed four samples, their initial 87Sr/86Sr isotopic ratios and εNd(t) 
199 values calculated at t = 1520 Ma (see 3.3 below). The Bt-amp gneiss samples (169-1, 
200 169-2 and 39-1) have initial 87Sr/86Sr ratios of 0.7008–0.7036 and εNd(t) values of -3.6 
201 to +0.1, with model ages TDM2 = 2.35–2.05 Ga. The Bt gneiss sample (168-1) gives 
202 εNd(t) = -2.2 and TDM2 = 2.24 Ga, with an abnormally low 87Sr/86Srinitial = 0.6866. This 
203 unusual isotopic ratio has no petrogenetic significance because of the mobility of Rb, 
204 which led to the excessive subtraction of 87Rb/86Sr ratio.
205 3.3. Zircon U–Pb age and Hf isotope
206 LA-ICP-MS zircon U–Pb dating and trace element analysis of five samples and 
207 zircon Hf isotope compositions of four samples are given in Supplementary Tables 3 
208 and 4, respectively.
209 Zircon grains from the five gneisses are colorless, subhedral–euhedral oblong or 
210 prismatic with varying size of ~ 100–200 μm. CL images show that zircon grains have 
211 a core–rim structure consisting of inherited cores with oscillatory zoning and dark 
212 rims with weak or no zoning (Figs. 5 and 6). The analyzed spots on zircon cores from 
213 two Bt-amp gneiss samples (169-1 and 169-2) and two Bt gneiss samples (168-1 and 
214 169-4) yield weighted mean 207Pb/206Pb ages of 1519±36 Ma (n = 5, MSWD = 0.016), 
215 1520±18 Ma (n = 12, MSWD = 0.85), 1516±15 Ma (n = 20, MSWD = 0.046) and 
216 1506±6 Ma (n = 16, MSWD = 0.45), with upper intercept ages of 1544±47 Ma, 
217 1551±23 Ma, 1544±26 Ma and 1498±6 Ma, respectively (Figs. 5a, c and 6a, c). All 
218 analyzed spots on core domains have relatively high Th contents (57.7–927 ppm), 
219 Th/U ratios (0.10–1.52) and REE contents (170–1576 ppm) with remarkable negative 
220 Eu anomalies (Eu/Eu* = 0.07–0.55) (Figs. 5b, d and 6b, d, Supplementary Tables 3). 
221 Analyzed spots on zircon rims from three Bt-amp gneiss samples (169-1, 169-2 and 
222 39-1) and one Bt gneiss sample (168-1) yield weighted mean 206Pb/238U ages of 
223 605±27 Ma (n = 15, MSWD = 0.96), 591±3 Ma (n = 14, MSWD = 0.54) and 595±2 
224 Ma (n = 21, MSWD = 0.40), with lower intercept ages of 585±11 Ma, 592±18 Ma, 
225 588±6 Ma and 563±10 Ma, respectively (Figs. 5a, c, e and 6a). Only one zircon rim 
226 spot from sample 169-2 is obtained with 206Pb/238U age of 590±2 Ma (Figs. 5c). 
227 Compared with zircon cores, analyzed spots on rim domains have relatively low Th 
228 contents (22.0–82.2 ppm), Th/U ratios (0.03–0.10) and REE contents (50.3–473 
229 ppm), with weak or no negative Eu anomalies (Eu/Eu* = 0.21–1.86) (Figs. 5b, d, f 
230 and 6a, Supplementary Tables 3).
231 Therefore, the zircon LA–ICP–MS U–Pb analyses yield two age groups: 1520–
232 1506 Ma of weighted mean 207Pb/206Pb age for zircon cores and 605–590 Ma of 
233 weighted mean 206Pb/238U age for zircon rims.
234 Fifty-three Hf isotopic analyses on zircon cores from two Bt-amp gneiss samples 
235 (169-1 and 169-2) and two Bt gneiss samples (168-1 and 169-4) give initial 
236 176Hf/177Hf isotopic ratios of 0.281697–0.281891 and εHf(t) values ranging from -4.5 
237 to +2.6, with two-stage model ages TDM2 of 2.54–2.10 Ga (Supplementary Tables 4).
238 3.4. Titanite in situ U–Pb age
239 Two titanite-rich gneiss samples (169-1 and 39-1) were selected for LA-ICP-MS 
240 titanite in situ U–Pb dating. BSE images and photomicrographs of representative 
241 titanite are shown in Fig. 7 and the titanite U–Pb dating and trace element data are 
242 given in Supplementary Table 5.
243 Most titanite crystals are brown and subhedral–anhedral in shape with inclusions 
244 of ilmenite, biotite, allanite, apatite, plagioclase, quartz and minor rutile (Fig. 7). BSE 
245 images show that the titanite crystals mostly have patchy zoning. The analyzed spots 
246 of titanite yield lower intercept ages are 25.1±0.6 Ma for sample 169-1 (Fig. 8a) and 
247 24.7±0.5 Ma for sample 39-1 (Fig. 8b). After correction using 207Pb, the weighted 
248 mean 206Pb/238U ages are 26.2±0.4 Ma (n=40, MSWD=2.5) and 26.0±0.6 Ma (n=29, 
249 MSWD=3.1) (Fig. 8).
250
251 4. Metamorphic P–T conditions
252 4.1. Hbl-Pl-Q thermobarometry
253 Amphibole–plagioclase thermometry (Holland and Blundy, 1994) and 
254 amphibole–plagioclase–quartz barometry (Bhadra and Bhattacharya, 2007) are used 
255 to calculate the metamorphic P–T condition of the Bt-amp gneisses. The amphibole–
256 plagioclase–quartz thermobarometry yields metamorphic P–T conditions of 6.2–7.2 
257 kbar and 691–736 °C for sample 169-1, and 5.4–6.5 kbar and 716–765 °C for sample 
258 39-1.
259 4.2. Zr-in-titanite thermometry
260 Titanite formation temperatures are estimated using the Zr-in-titanite 
261 thermometry (T (°C) = [7708 + 960P] / [10.52 − log(αTiO2) − log(αSiO2) − log(ppm Zr, 
262 titanite)] − 273; Hayden et al., 2008). The activity of TiO2 is assumed to be 0.5 
263 (plausible lower limits in typical crustal rocks), with SiO2 activity assumed as 1.0 
264 (Hayden and Watson 2007; Ferry and Watson 2007). Based on amphibole–
265 plagioclase–quartz barometer, the metamorphic pressure conditions of the Bt-amp 
266 gneisses are ~ 6 kbar. Zr concentrations range from 158 to 591 ppm in sample 169-1, 
267 and from 276 ppm to 620 ppm in sample 39-1. The calculations of Zr-in-titanite 
268 thermometry are 688–756 °C for sample 169-1 and 716–759 °C for sample 39-1 
269 (Supplementary Table 5). The temperature data display a cluster at 700–750 °C 




274 5.1. Age interpretation
275 Zircon LA-ICP-MS U–Pb dating shows two age groups of 1520–1506 Ma and 
276 605–590 Ma. Most zircons of the studied Dongjiu gneisses show euhedral-prismatic 
277 forms and display rounded terminations, which in some cases generate an ovoid 
278 morphology. CL images show that all zircon grains have a core–rim structure, i.e., 
279 oscillatory-zoned core and rim with weak or no zoning (Figs. 5 and 6). The inherited 
280 zircon cores yield concordant ages of 1520–1506 Ma without detrital age distribution 
281 (analyses with concordance > 95%, Supplementary Tables 3). These zircon cores 
282 have relatively high Th contents (usually > 50 ppm) with high Th/U ratios (≥ 0.1, up 
283 to 1) (Fig. 10) and REE patterns with remarkable negative Eu anomalies (Figs. 5b, d 
284 and 6b, d). These properties are consistent with the zircons of magmatic origin (e.g., 
285 Hoskin and Schaltegger, 2003). Thus, the Mesoproterozoic age of ~ 1500 Ma given 
286 by the zircon cores represents the protolith crystallization age of the gneisses. By 
287 comparison, CL images show that zircon rims have weak or no zoning. Most zircon 
288 rims occur as lobes with smooth or rough edges, and may overprint pre-existing 
289 structures (Fig. 5b, f). All these characteristics suggest that zircon rims have 
290 developed during metamorphic recrystallization near the solidus (Hoskin and Black, 
291 2000; Rubatto, 2017). The zircon rims have lower Th contents (usually < 50 ppm) and 
292 Th/U ratios (< 0.1) (Fig. 10) without remarkable negative Eu anomalies (Figs. 5b, d, f 
293 and 6b), which are consistent with metamorphic zircon (e.g., Rubatto et al., 2009; 
294 Rubatto, 2017). Based on the zircon internal structure, Th/U ratios and REE patterns, 
295 we suggest that the zircon rims provide the metamorphic ages of 605–590 Ma for the 
296 orthogneisses in the Dongjiu area.
297 Titanite crystals from two Bt-amp gneiss samples are subhedral–anhedral in 
298 shape with metamorphic mineral inclusions of ilmenite, biotite, allanite, plagioclase, 
299 quartz or minor rutile (Fig. 7). BSE images show that titanite crystals have patchy 
300 zonation, characteristic of metamorphic titanite (Rubatto, 2017). Therefore, LA–ICP–
301 MS titanite in situ U–Pb dating indicates that these gneisses experienced Oligocene 
302 metamorphism at ~ 26 Ma.
303 In summary, the protoliths of the gneisses from the Dongjiu area crystallized in 
304 the Mesoproterozoic (1520–1506 Ma), and followed by subsequent metamorphism in 
305 the Neoproterozoic (605–590 Ma) and more recently in the Oligocene (~ 26 Ma).
306 5.2. Mesoproterozoic magmatism
307 The Lhasa terrane, as the southernmost part of the Asian continent, experienced 
308 intense deformation, magmatism and metamorphism related to the northward Neo-
309 Tethyan seafloor subduction in the Mesozoic and the India-Asia continental collision 
310 in the Cenozoic (e.g., Zhu et al., 2011; Zhang et al., 2014a). Due to these strong 
311 reworking processes, the Precambrian thermotectonic records are rarely reported (e.g., 
312 Dong et al., 2010, 2011b; Guynn et al., 2012; Zhang et al., 2012b; Xu et al., 2013a; 
313 Hu et al., 2018b; Chen et al., 2019).
314 Based on the zircon U–Pb geochronology, the inherited magmatic zircon cores of 
315 the Dongjiu gneisses yield crystallization ages of 1520–1506 Ma (lack detrital 
316 components; see above), indicate that the protoliths of Dongjiu gneisses are 
317 Mesoproterozoic magmatic rocks. The bulk-rock chemical compositions of the 
318 Dongjiu gneisses suggest that their protoliths are metaluminous granodiorite and 
319 granite (Fig. 3), characteristic of arc-like signature with negative Nb, Ta and Ti 
320 anomalies (Fig. 4b). The Mesoproterozoic granitic rocks have bulk-rock εNd(t) values 
321 of -3.6 to +0.1 and zircon εHf(t) values of -4.5 to +2.6, with similar TDM2 ages of 2.35–
322 2.05 Ga and 2.54–2.10 Ga respectively, suggesting that the magmatic rocks are 
323 derived from partial melting of Paleoproterozoic crustal material.
324 The coeval ~ 1500 Ma magmatic rocks are widespread in several continental 
325 fragments, including West Africa, South America, North America, Australia, Baltica 
326 (Northern Europe), Siberia and India. The rock types are mainly mafic dikes and sills 
327 (e.g., Ernst et al., 2013, 2016; Silveira et al., 2013), and massif-type anorthosites (e.g., 
328 Emslie, 1978; Weis, 1986; Sadowski and Bettencourt, 1996; Mukherjee and Das, 
329 2002). The Mesoproterozoic Era, dominated by the break-up of the Columbia 
330 supercontinent and the formation of the Rodinia supercontinent, was an important 
331 crust-forming period in many continents in Earth’s history. The global 
332 Mesoproterozoic magmatism has commonly been attributed to the rifting and 
333 fragmentation of the Columbia supercontinent (e.g., Rogers and Santosh, 2002; Zhao 
334 et al., 2003). However, ~ 1.6–1.5 Ga metamorphic and magmatic rocks of the Central 
335 Indian Tectonic Zone are the products of south-north Indian subcontinental collision 
336 (e.g., Acharyya, 2003; Kröner et al., 2012). For the studied Mesoproterozoic granitic 
337 rocks in the SLT, it is too difficult to discuss the tectonic setting in a global context 
338 owing to their limited distribution and subsequent reworking.
339 The Mesoproterozoic inherited zircons in the Gangdese batholith (e.g., Zhu et al., 
340 2011; Ji et al., 2017), and detrital zircons from the sedimentary rocks of the 
341 Carboniferous–Triassic strata (Leier et al., 2007; Pullen et al., 2008; Dong et al., 
342 2010; Zhu et al., 2013; Li et al., 2014; Guo et al., 2017) indicate that the 
343 Mesoproterozoic magmatic rocks are probably more widely distributed than exposed 
344 in the Lhasa terrane. Moreover, the metasedimentary rocks from the Nyingchi 
345 complex in the SLT contain abundant ~1500 Ma detrital zircons (Guo et al., 2017). 
346 The 1550–1450 Ma detrital zircons from the CLT Permian–Triassic strata define a 
347 broad band of εHf(t) values (-16.7 to +9.6; Fig. 11). By comparison, the coeval detrital 
348 zircons from the SLT metasedimentary rocks have lower εHf(t) values (-11.3 to +3.2; 
349 Fig. 11). The studied Mesoproterozoic granitic rocks, with the coeval gneisses of the 
350 southern Nyingchi complex (our unpublished data) have the similar zircon εHf(t) 
351 values as the above, suggesting that they might be local sources for the 
352 Mesoproterozoic detrital zircons of the Paleozoic strata (Fig. 11).
353 5.3. Neoproterozoic and Oligocene metamorphism
354 Based on zircon and titanite U–Pb geochronology, the Dongjiu orthogneisses 
355 experienced two metamorphic events at 605–590 Ma recorded by zircon and 26 Ma 
356 by titanite, respectively.
357 5.3.1. Neoproterozoic metamorphism
358 Due to the Oligocene metamorphism, the Neoproterozoic metamorphic minerals 
359 are usually overprinted. The petrography shows that ilmenite is all surrounded by 
360 titanite; rare rutile only occurs as inclusions within titanite; and allanite is rimed by 
361 epidote including zircon grains (Figs. 2c, d and 7). Along with titanite formed in the 
362 later metamorphism, we speculate that the mineral assemblage of the Neoproterozoic 
363 metamorphism is represented as ilmenite and allanite. Lacking index metamorphic 
364 minerals, it is difficult to calculate the detailed P–T conditions of the Neoproterozoic 
365 metamorphism for the studied gneisses. However, the characteristics of zircon internal 
366 structure and chemistry show that zircon rims of the Dongjiu gneisses likely form 
367 under conditions near solidus. Rubatto et al. (2009) show that the metamorphic zircon 
368 rims of metatonalite with the similar mineral assemblage to this study formed under 
369 amphibolite-facies condition (T = 620–700 ºC). For diorite bulk composition, recent 
370 phase equilibrium modeling indicated that the H2O-saturated (wet) solidus occurs 
371 between ~ 650–700 °C and garnet becomes stable above ~ 8.5 kbar (e.g., Palin et al., 
372 2016). On the formation condition of zircon rim, bulk composition and lack of garnet, 
373 we reason that the Dongjiu granitic gneisses underwent MP amphibolite-facies 
374 metamorphism at 605–590 Ma.
375 According to the Gondwana-derived affinity, the ~ 600 Ma metamorphic event 
376 of the Lhasa terrane is likely related to the assembly of Gondwana supercontinent 
377 (e.g., Meert, 2003; Veevers, 2004; Collins and Pisarevsky, 2005). Early 
378 palaeogeographic models based on limited data interpreted the presence of a single 
379 super-continent throughout the Proterozoic (Piper, 1976). McWilliams (1981) 
380 suggested that two Neoproterozoic continental masses, East Gondwana (India, East 
381 Australia, Antarctica, Madagascar and Sri Lanka) and West Gondwana (Africa and 
382 South America) collided along the Mozambique Belt to form Gondwana. Form the 
383 Rodinia fragments to the final amalgamation Gondwana, there have been many 
384 accretionary terranes and collisional events (Collins and Pisarevsky, 2005). Although 
385 more work is needed on details of such amalgamation. Meert and co-workers (Meert, 
386 et al., 1995; Meert and Van der Voo, 1997; Meert, 2001, 2003) suggested a 
387 multiphase assembly of two main periods of orogenesis, including an earlier East 
388 African Orogeny (EAO) (~ 750–620 Ma) and a later Kuunga Orogeny (~ 570–530 
389 Ma). The later orogeny marks the collision of Australia and Antarctica with the rest of 
390 Gondwana and was subsequently correlated with a broad belt of orogenesis from the 
391 Damara Orogen in the west to the Pinjarra Orogen in the east (Meert, 2003). They 
392 proposed a Neoproterozoic continent consisting of Sri Lanka, Madagascar and India 
393 colliding with a combined Congo/Kalahari (African) continent at ~ 750–620 Ma, 
394 followed by Australia/East Antarctica colliding with the bulk of Gondwana at ~ 570–
395 530 Ma (Meert, 2003; Meert and Torsvik, 2003). However, Boger and Miller (2004) 
396 proposed that the EAO evolved as an accretionary orogeny and was partially 
397 superimposed by a ~ 590–560 Ma orogen created by the collision of combined India, 
398 Madagascar and part of Antarctica land masses with eastern Africa along the 
399 Mozambique suture. In their model, Australia–Antarctica collided with India along 
400 the Kuunga suture at ~ 535–520 Ma. Until now, the Precambrian metamorphic events 
401 of the Lhasa terrane are only reported in the Nyainqêntanglha Group in the central 
402 CLT (~ 690–650 Ma, Dong et al., 2011b; Zhang et al., 2012b), the Bomi complex in 
403 the eastern CLT (~ 625–600 Ma, Chen et al., 2019), and the Nyingchi complex in the 
404 eastern SLT (~ 600 Ma, Lin et al., 2013b and this study). The Nyainqêntanglha Group 
405 experienced an early granulite-facies peak-metamorphism at ~ 690–650 Ma, and late 
406 amphibolite-facies retrogression at ~ 480 Ma (Dong et al., 2011b; Zhang et al., 
407 2012b). Zhang et al. (2012b, 2014a) suggested that the Neoproterozoic metamorphism 
408 occurred during the assembly of East and West Gondwana within the EAO. For all 
409 other Precambrian metamorphic events, only the Nyingchi complex is speculated to 
410 experience MP amphibolite-facies metamorphism without knowing exact P–T 
411 conditions due to the Cenozoic metamorphic reworking. Therefore, this study 
412 suggests that the ~ 600 Ma metamorphism events recorded in the Nyingchi complex 
413 in the eastern SLT and the Bomi complex in the eastern CLT are likely response to 
414 the assembly of Gondwana supercontinent.
415 5.3.2. Oligocene metamorphism and melting
416 In this study, titanite formed at ca. 26 Ma is observed either mostly riming 
417 ilmenite or as separate grains. Titanite can be in contact with a variety of minerals, 
418 e.g., amphibole, biotite, plagioclase and epidote, and contains inclusions of biotite, 
419 allanite, plagioclase and quartz (Fig. 7). The formation of titanite rims on the ilmenite 
420 could be explained in terms of reactions such as: ilmenite + allanite + K-feldspar + 
421 quartz = titanite + anorthite + annite + H2O (Harlov et al., 2006; Angiboust and 
422 Harlov, 2017). Titanite rimming ilmenite is commonly present in the amphibolite-
423 facies rocks (e.g., Nijland and Maijer, 1993; Nijland and Visser, 1995; Hansen et al., 
424 2002; Harlov and Hansen, 2005). The mineral assemblage (plagioclase + K-feldspar + 
425 biotite + quartz + epidote ± amphibole ± titanite) also indicates that the later 
426 Oligocene metamorphism occurred at amphibolite-facies condition. Hbl-Pl-Q 
427 thermobarometry shows that the Dongjiu gneisses experienced peak P–T conditions 
428 of 5.4–7.2 kbar and 691–765 °C. Zr-in-titanite thermometry yields the similar T 
429 conditions of 688–759 °C at ~ 6 kbar. Moreover, the microstructure proves that these 
430 studied gneisses record the presence of melt. Therefore, we suggest that the prior melt 
431 represents the product of the Oligocene metamorphism, and the Dongjiu gneisses 
432 underwent MP amphibolite-facies metamorphism and melting at ca. 26 Ma. In the 
433 southern part of the studied area, the coeval metamorphic rocks of the Nyingchi 
434 complex have also been reported to take place under amphibolite-facies conditions 
435 (e.g., Zhang et al., 2010; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019).
436 5.4. The nature of the Precambrian basement of the Lhasa terrane
437 The spatial distribution and nature of the Precambrian basement beneath the 
438 entire Lhasa terrane have been speculative. Duo to medium- to high-grade 
439 metamorphism, the Nyainqêntanglha Group in the CLT and the Nyingchi complex in 
440 the SLT have been regarded as the Precambrian metamorphic basement (Xu et al. 
441 1985; Dewey et al. 1988; Harris 1988b; Hu et al. 2005). However, adequate age 
442 constraints are lacking. Based on zircon Hf isotope data, Zhu et al (2011) suggested 
443 that the CLT has ancient basement rocks of Proterozoic and Archean ages with NLT 
444 and SLT being younger and juvenile crust (Phanerozoic) accreted towards the CLT.
445 The Amdo basement, consisting of orthogneisses and mafic granulites, is 
446 reported to represent the Precambrian basement of the Lhasa terrane (Xu et al., 1985; 
447 Coward et al., 1988; Kidd et al., 1988; Pan et al., 2004). The gneisses have 
448 crystallization ages of Neoproterozoic (~820 Ma; Zhang et al., 2012a) and Cambro-
449 Ordovician (540–460 Ma; Xu et al., 1985; Xie et al., 2010; Guynn et al., 2012; Zhang 
450 et al., 2012a). The mafic granulites have undergone peak granulite-facies 
451 metamorphism at ~ 190 Ma and retrogressed under amphibolite-facies conditions at ~ 
452 180 Ma (e.g., Xu et al., 1985; Guynn et al., 2006; Zhang et al., 2012a; Zhang XR et 
453 al., 2014). Therefore, the Amdo gneiss represents a Neoproterozoic crystallization 
454 basement, which undergoes metamorphism in the early Jurassic.
455 The existence of a Precambrian basement in the CLT has been previously 
456 inferred using older inherited zircon ages of the gneiss (Allégre et al., 1984) and the 
457 bulk-rock Nd isotope composition from sedimentary rocks (Zhang KJ et al., 2007). 
458 Recently reported old rocks are the ca. 925–748 Ma granitoids and gabbros of the 
459 Nyainqêntanglha Group in the Xianza area west of Nam Tso Lake (Hu et al., 2005; 
460 Zhang et al., 2012b; Hu et al., 2018 a, b; Zeng et al., 2018). These rocks have 
461 experienced granulite-facies peak-metamorphism at ca. 690–650 Ma (Dong et al., 
462 2011b; Zhang et al., 2012b). Some studies suggest that the Neoproterozoic magmatic 
463 rocks are crust of the Mozambique Ocean (Zhang et al., 2012b; Zeng et al., 2018), but 
464 others propose that these rocks formed in a back-arc setting (Hu et al., 2018 a, b). In 
465 addition, the Bomi complex consists of the Proterozoic magmatic rocks formed at ca. 
466 1866 Ma, 1343–1250 Ma and 824 Ma, and undergoes metamorphism at ca. 625–600 
467 Ma and 80 Ma (Xu et al., 2013a; Chen et al., 2019). Thereinto, the Paleoproterozoic 
468 and Neoproterozoic granitoid gneisses show geochemical affinity of volcanic arc 
469 granites (Chen et al., 2019); the Mesoproterozoic granite gneisses have an aluminous 
470 A-type granite affinity (Xu et al., 2013a). However, there is no constraint on the 
471 metamorphic condition. Therefore, the CLT indeed has Proterozoic basement.
472 In the SLT, the Nyingchi complex has been interpreted to represent slivers of a 
473 Precambrian basement of the Lhasa terrane (e.g., Pan et al., 2004; Xie et al., 2007; 
474 Yin et al., 2003). However, more recent studies suggested that most high-grade 
475 metamorphic rocks in the eastern SLT underwent Mesozoic to Cenozoic 
476 metamorphism and their protoliths included both sedimentary and magmatic rocks 
477 with various protolith ages (Dong et al., 2010, 2012, 2014; Guo et al., 2011, 2012, 
478 2017; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a, 2014b, 
479 2015). Here, the Dongjiu gneisses, as a part of the Nyingchi complex, have a protolith 
480 crystalline age of 1520–1506 Ma, and experienced amphibolite-facies metamorphism 
481 at 605–590 Ma, representing a Precambrian metamorphic basement of the SLT. 
482 Moreover, the studied Mesoproterozoic granitic rocks have TDM2 of 2.54–2.10 Ga, 
483 along with Meso- to Paleoproterozoic zircon Hf model ages of Cambrian and 
484 Devonian–Carboniferous granitoids (Ji et al., 2012; Dong et al., 2014, 2015), 
485 implying the presence of an older early Paleoproterozoic curst yet unidentified in the 
486 SLT.
487 Excluding the ca. 1780 Ma xenoliths reported by Lin et al. (2013b), the ~ 1500 
488 Ma granitic gneisses from the Dongjiu area here are the oldest rocks reported of the 
489 SLT. The zircon Hf and bulk-rock Nd isotopes give similar TDM2 ages up to 2.5 Ga, 
490 suggesting that the Mesoproterozoic granitic rocks are derived from melting of the 
491 Paleoproterozoic crustal material. Moreover, the ~ 1500 Ma gneisses from the 
492 southern Nyingchi complex give Paleoproterozoic zircon Hf model ages (Fig. 11, our 
493 unpublished data). By comparison, the Proterozoic granitoids from the Bomi complex 
494 in the CLT have similar zircon Hf TDM2 ages ranging from 2.5 to 1.3 Ga (Xu et al., 
495 2013a; Chen et al., 2019). Furthermore, the magmatic rocks (before 360 Ma) from 
496 both the SLT and CLT have the same ranges of zircon Hf(t) values and model ages 
497 (Fig. 11). Therefore, we suggest that the SLT and CLT share a common Precambrian 
498 basement.
499 5.5. Reworking of the Precambrian basement of the Lhasa terrane
500 Although both SLT and CLT share a common Precambrian basement, the strong 
501 thermal events (including metamorphism and mainly mantle-derived magmatism) as a 
502 consequence of the northward subduction of the Neo-Tethyan seafloor beneath the 
503 Lhasa terrane and the subsequent India-Asia continental collision have intensively 
504 reworked the Precambrian basement.
505 Since the early Mesozoic, important mantle contributions have caused the 
506 drastically elevated zircon Hf(t) of the magmatic rocks from the SLT (Fig 11). 
507 However, their zircon εHf(t) values vary significantly (up to 20 units from ~ -5 to +15; 
508 Fig. 11), indicating the presence of old basement. The input of mantle material not 
509 only contributed to juvenile continental crust growth (e.g., Mo et al., 2007; Zhu et al., 
510 2011), but also reworked the Precambrian basement of the SLT. In contrast, the 
511 granitoids from the CLT exhibit negative zircon εHf(t) and old TDM2 ages, suggesting 
512 that they are mainly derived from partial melting of ancient continental crust. 
513 Therefore, the basement of the CLT underwent weaker reworking, preserving more 
514 rocks with Nd-Hf isotopes characteristic of ancient continental crust than the SLT.
515 This study shows that the Precambrian metamorphic basement of the Lhasa 
516 terrane has also undergone more recent metamorphism at ~ 26 Ma. Due to similar 
517 metamorphic conditions, it is difficult to distinguish mineral assemblages as the result 
518 of recent metamorphism from those of the Neoproterozoic metamorphism, except for 
519 the preserved inclusions of ilmenite and allanite. The main mineral assemblage of 
520 plagioclase + K-feldspar + biotite + quartz + epidote ± amphibole ± titanite is the 
521 product of the Oligocene metamorphism. The coeval metamorphic rocks have been 
522 widely reported in the south part of the Nyingchi complex (e.g., Zhang et al., 2010, 
523 2014a; Guo et al., 2011; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019). 
524 Zhang et al. (2015) suggested that the crustal shortening and thickening resulting from 
525 the continental collision and continued convergence is the very tectonic mechanism 
526 for the Oligocene reworking of the Lhasa terrane crust.
527
528 6. Conclusion
529 (1) The protoliths of the Dongjiu orthogneisses in the SLT are granodiorite and 
530 granite emplaced at 1520–1506 Ma, which provide source materials for the 
531 Paleozoic metasedimentary rocks in the Lhasa terrane. The Mesoproterozoic 
532 granitoids have derived from partial melting of earlier Paleoproterozoic crustal 
533 material.
534 (2) The Mesoproterozoic orthogneisses from the Dongjiu area have experienced the 
535 Neoproterozoic (605–590 Ma) metamorphism, and therefore represent the 
536 Precambrian metamorphic basement of the SLT.
537 (3) The Dongjiu gneisses also underwent the Oligocene (26 Ma) metamorphism 
538 under MP amphibolite-facies conditions as the result of crustal shortening and 
539 thickening in response to the continued India-Asia continental convergence.
540 (4) The CLT and SLT share a common Precambrian metamorphic basement, but the 
541 SLT basement has been strongly reworked by mantle-derived magmatism and 
542 metamorphism since the Mesozoic.
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954 Figure 1. (a) Tectonic framework of the Tibetan Plateau (after Zhu et al., 2013), 
955 showing the major tectonic subdivisions. NLT = Northern Lhasa subterrane, CLT = 
956 Central Lhasa subterrane, SLT = Southern Lhasa subterrane, JSSZ = Jinsha Suture 
957 Zone, LSSZ = Longmu Tso-Shuanghu Suture Zone, BNSZ = Bangong-Nujiang 
958 Suture Zone, SNMZ = Shiquan River-Nam Tso Mélange Zone, LMF = Luobadui-
959 Milashan Fault, IYZSZ = Indus-Yarlung Zangbo Suture Zone. Data sources of the 
960 Precambrian magmatic rocks for Amdo: ~ 820 Ma and 500 Ma (Zhang et al., 2012a), 
961 852 Ma (Guynn et al., 2006), 532 Ma (Guynn et al., 2012); the CLT from west to east: 
962 492 Ma (Zhu et al., 2012), 525–510 Ma (Hu et al., 2013), 512 Ma (Ding et al., 2015), 
963 787 Ma (Hu et al., 2005), 897–886 Ma (Zhang et al., 2012b), 760 Ma (Hu et al., 
964 2018a), 822–806 Ma (Hu et al., 2018b), 925 Ma (Zeng et al., 2018), 1343–1250 Ma 
965 (Xu et al., 2013a; Chen et al., 2019), 1866 Ma (Chen et al., 2019); the SLT: 496 Ma 
966 (Dong et al., 2010). (b) Geological sketch map of the Dongjiu area in the SLT, the 
967 Paleoproterozoic data (~ 1780 Ma) from Lin et al. (2013b).
968
969 Figure 2. Photomicrographs of representative Dongjiu gneiss. (a) Biotite (Bt)- 
970 amphibole (Amp) gneiss, consisting of amphibole, plagioclase (Pl), K-feldspar (Kfs), 
971 biotite, quartz (Qz) and titanite (Ttn) riming ilmenite (Ilm), with minor apatite (Ap). 
972 (b) Bt-amp gneiss, showing plagioclase with cuspate extensions along quartz-quartz 
973 contacts. (c) and (d) Bt-amp gneiss, showing allanite (Aln) replaced by epidote (Ep) 
974 in rim, with zircon (Zrn) inclusions. (e) Bt gneiss, consisting of plagioclase, K-
975 feldspar, biotite, quartz, with minor allanite replaced by epidote at rim; adjacent 
976 grains of quartz, plagioclase and K-feldspar are corroded. (f) Bt gneiss, showing 
977 adjacent plagioclase and biotite grains are corroded; narrow K-feldspar blebs at 
978 quartz-plagioclase contacts.
979
980 Figure 3. (a) Ab-An-Or classification for silicic rocks from Barker (1979). (b) A/CNK 
981 vs A/NK diagram from Maniar and Piccoli (1989). The data of the Bomi 
982 Mesoproterozoic granitoids are after Xu et al. (2013a).
983
984 Figure 4. (a) Chondrite-normalized REE and (b) Primitive-mantle-normalized trace 
985 element patterns for the Dongjiu gneiss. The data of the Bomi Mesoproterozoic 
986 granitoids are after Xu et al. (2013a). The normalization data are from Sun and 
987 McDonough (1989).
988
989 Figure 5. Zircon U–Pb concordia diagrams and chondrite-normalized REE patterns of 
990 the Dongjiu Bt-amp gneiss. (a), (c) and (e) Zircon U–Pb concordia diagrams, red and 
991 blue elliptises represent zircon core and rim ages, respectively. (b), (d) and (f) 
992 Chondrite-normalized REE patterns, showing CL images of representative zircon 
993 grains. Red and blue circles indicate zircon core and rim dating spots with ages in Ma, 
994 respectively. The normalization data are from Sun and McDonough (1989).
995
996 Figure 6. Zircon U–Pb concordia diagrams and chondrite-normalized REE patterns of 
997 the Dongjiu Bt gneiss. (a) and (c) Zircon U–Pb concordia diagrams, red and blue 
998 ellipses represent zircon core and rim ages, respectively. (b) and (d) Chondrite-
999 normalized REE patterns, showing CL images of representative zircon grains. Red 
1000 and blue circles indicate zircon core and rim ages with ages in Ma, respectively. The 
1001 normalization data are from Sun and McDonough (1989).
1002
1003 Figure 7. BSE images and photomicrographs of representative titanite for the Dongjiu 
1004 Bt-amp gneiss. Representative titanite (a)–(h) for sample 169-1, (i)–(p) for sample 39-
1005 1. (a)–(d) and (i)–(l) Blue circles are spots for dating with 207Pb corrected 206Pb/238U 
1006 ages in Ma. (e)–(h) and (m)–(p) Most titanite including ilmenite, biotite, allanite, 
1007 apatite, plagioclase, quartz and minor rutile.
1008
1009 Figure 8. Titanite U–Pb concordia diagrams of the Dongjiu Bt-amp gneiss.
1010
1011 Figure 9. Frequency histogram of Zr-in-titanite temperatures for the Dongjiu Bt-amp 
1012 gneiss.
1013
1014 Figure 10. Zircon U vs Th contents diagram of the Dongjiu gneiss.
1015
1016 Figure 11. Zircon U-Pb age vs εHf(t) diagram for the Dongjiu gneiss and related rocks 
1017 from the Lhasa terrane. Data sources: SLT ~ 1500 Ma gneiss (our unpublished data); 
1018 SLT granitoids (Chu et al., 2006; Zhang et al., 2007a; Ji et al., 2009, 2012; Yang et 
1019 al., 2011; Zhu et al. 2011; Dong et al., 2013, 2014, 2015; Guo et al., 2013; Meng et 
1020 al., 2016); CLT granitoids (Zhang et al., 2007b; Zhu et al., 2009b, 2011, 2012; Xu et 
1021 al., 2013a; Hu et al., 2018b; Chen et al., 2019); SLT Paleozoic strata (Guo et al., 




































































(a) Tectonic framework of the Tibetan Plateau, showing the major tectonic subdivisions. 
NLT = Northern Lhasa subterrane, CLT = Central Lhasa subterrane, SLT = Southern 
Lhasa subterrane, JSSZ = Jinsha Suture Zone, LSSZ = Longmu Tso-Shuanghu Suture 
Zone, BNSZ = Bangong-Nujiang Suture Zone, SNMZ = Shiquan River-Nam Tso Mélange 
Zone, LMF = Luobadui-Milashan Fault, IYZSZ = Indus-Yarlung Zangbo Suture Zone. 
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Figure 2. Photomicrographs of representative Dongjiu gneiss. 
(a) Biotite (Bt)- amphibole (amp) gneiss, consisting of amphibole, plagioclase (Pl), 
K-feldspar (Kfs), biotite, quartz (Qz) and titanite (Ttn) riming ilmenite (Ilm), with minor 
apatite (Ap). 
(b) Bt-amp gneiss, showing plagioclase with cuspate extensions along quartz-quartz contacts. 
(c) and (d) Bt-amp gneiss, showing allanite (Aln) replaced by epidote (Ep) in rim, with zircon 
(Zrn) inclusions. 
(e) Bt gneiss, consisting of plagioclase, K-feldspar, biotite, quartz, with minor allanite 
replaced by epidote at rim; adjacent quartz, plagioclase and K-feldspar grains are corroded. 
(f) Bt gneiss, showing adjacent plagioclase and biotite grains are corroded; narrow K-































(a) Ab-An-Or classification for silicic rocks. 








































(a) Chondrite-normalized REE. 
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Figure 5. Zircon U–Pb concordia diagrams and chondrite-normalized REE patterns of the Dongjiu 
Bt-amp gneiss.
(a), (c) and (e) Zircon U–Pb concordia diagrams, red and blue elliptises represent zircon core and 
rim ages, respectively.
(b), (d) and (f) Chondrite-normalized REE patterns, showing CL images of representative zircon 
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Figure 6. Zircon U–Pb concordia diagrams and chondrite-normalized REE patterns of the Dongjiu 
Bt gneiss.
(a) and (c) Zircon U–Pb concordia diagrams, red and blue ellipses represent zircon core and rim 
ages, respectively.
(b) and (d) Chondrite-normalized REE patterns, showing CL images of representative zircon grains. 
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Figure 7. BSE images and photomicrographs of representative titanite for the Dongjiu 
Bt-amp gneiss.
Representative titanite (a)–(h) for sample 169-1, (i)–(p) for sample 39-1. (a)–(d) and (i)–(l) 
Blue circles are spots for dating with 207Pb corrected 206Pb/238U ages in Ma. (e)–(h) 















































Intercepts at 24.7±0.5 Ma
MSWD=1.5
Figure 8. Titanite U–Pb concordia diagrams of the Dongjiu Bt-amp gneiss.
















Figure 9. Frequency histogram of Zr-in-titanite 
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Figure 11. Zircon U-Pb age vs εHf(t) diagram for the Dongjiu gneiss 
and related rocks from the Lhasa terrane
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